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Summary 
SUMMARY 
 
Since the ultra-high performance concrete (UHPC) has been developed under laboratory 
conditions in the 1960s, amazing progress has been made by researchers all over the world to 
improve the performance and durability of this material. The high mechanical strength and 
durability performance of UHPC allow for its use for structural elements in buildings and long 
span bridges. However, the production of UHPC requires a lot of Portland cement, which 
implies a high cost. Besides this, the production of Portland cement consumes a considerable 
amount of non-renewable energy for sintering the clinker. Moreover, the CO2 emissions from 
the cement industry contributes to global warming.  
Because of the rise in global copper demand for the construction and manufacturing industry, 
the copper production keeps increasing. The main environmental issue associated with this 
industry is the production of copper slag as a waste material. This slag cannot be recycled and 
needs a large area for storage, of which the availability is insufficient. Moreover, the impact on 
water quality when heavy metals and other harmful elements leach from this slag can be severe. 
For these reasons, a possible breakthrough can be sought in exploiting this waste material within 
cement and concrete production. To apply this idea, secondary copper slag from a Belgian 
recycling plant is used as supplementary cementitious material and aggregate replacement in 
UHPC.  
One of the goals of this PhD project is to study the development of pozzolanic activity of copper 
slag. By implementing different grinding methods, different fineness of copper slag will be 
achieved. To assess the pozzolanic activity of copper slag, several methods were applied. The 
copper slag has low pozzolanic activity determined by the Chapelle test. A similar result is also 
obtained when assessing the pozzolanic activity of this slag using the Frattini test after 15 days 
of curing. This result gives an explanation for the later obtained values of compressive strength 
and the reduced hydration heats when replacing cement by copper slag. The present results 
indicate that some mixtures at 90 days may show pozzolanic activity since they have a higher 
strength activity index (SAI) at that age. On the contrary, a promising result is obtained for 
clean slag which shows pozzolanic activity according to the Frattini test within 28 days of 
curing after applying a higher energy for grinding the slag. The latter result is achieved when 
the fineness of slag is comparable to or slightly higher than cement fineness.
  
xiv 
Summary 
Effect of secondary copper slag as cementitious material in ultra-high 
performance mortar 
 
In this study, both quickly cooled granulated copper slag (QCS) and slowly cooled broken 
copper slag (SCS) were intensively ground using a planetary ball mill (dry method) to achieve 
two levels of fineness. Mortars were made with copper slag as partial cement replacment. The 
replacement ratios varied between 0 and 20 wt% in steps of 5 wt%. A very low water-to-binder 
ratio (w/b = 0.15) was chosen in order to produce ultra-high performance mortar (UHPM). In 
order to explain the effect of copper slag as a cement replacement, the compressive strength 
and heat production with isothermal calorimetry were investigated. Pozzolanic activity and 
strength activity index (SAI) were also determined to assess the reactivity of slag in cement 
paste and concrete. 
It was seen that a positive effect on the compressive strength of UHPM was achieved by 
increasing the fineness of SCS, while the increasing QCS fineness had no significant effect on 
strength development of UHPM. Using isothermal calorimetry, it was found that the binder 
reactions in UHPM can be enhanced by replacement of a small part (5%) of Portland cement 
by copper slag. Larger replacement levels rather delay the hydration reactions. This can be due 
to the dilution of the clinker content in the paste, to the limited pozzolanic activity of the copper 
slag, and to heavy metal compounds such as Zn in copper slag. Nevertheless, the use of finely 
ground slowly cooled copper slag in replacement levels of up to 20%, allows to reach similar 
heat production  at 7 days as in a control mixture with Portland cement as only binder. The 
compressive strength at 7 days is even higher for the mixtures with copper slag than for the 
control with OPC. However, due to a slower strength development after 7 days, similar or 
slightly lower strengths are obtained for mixes with up to 20% copper slag, than for the OPC 
reference. 
 
Influence of intensive vacuum mixing and heat treatment on compressive 
strength and microstructure of reactive powder concrete incorporating 
secondary copper slag as supplementary cementitious material 
 
Copper slag has a hardness of 6-7 on the Mohs scale (hardness) and is mainly composed of iron 
silicate glass. Therefore, there will be a high energy need to grind this material. In the grinding 
process, the energy is determined by the time, speed, and number of balls charged. Based on 
the results obtained in the previous study, the specific surface area (SSA) of QCS reached a 
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Summary 
value of 2533 cm2/g with the Blaine permeability test, long duration of grinding (5 times during 
12 minutes at 300 rpm) and 5 balls charged in the ball mill. Since this grinding process was 
time-consuming and not very productive, a short duration grinding process (6 times during 5 
minutes at 390 rpm) and 7 balls charged was applied. This method reduced the grinding time 
with 30 minutes in comparison with that of the long duration method. With the increase in 
grinding speed and addition of two balls in this method it was expected to achieve a similar 
fineness as with the grinding method aforementioned (an SSA of 2277 cm²/g was realized). As 
mentioned before a significant compressive strength increase was not obtained when replacing 
the cement with the finer copper slag for UHPM. A possible way to enhance the pozzolanic 
activity of copper slag and compressive strength of the concrete was applying heat treatment 
combined with vacuum mixing to the concrete mixture. Therefore, these techniques were 
applied to RPC mixtures containing copper slag as a cement replacement, and a significant 
effect on the compressive strength of this concrete was expected. The porosity of RPC was 
determined by mercury intrusion porosimetry (MIP).  
The compressive strength obtained for RPC containing copper slag was comparable to or even 
better than for the reference mixture for all treatments. The effect of vacuum mixing to enhance 
the compressive strength of RPC is limited. This phenomenon is due to the fact that RPC is 
composed of fine particles, automatically reducing the porosity of this concrete and leaving 
only a limited amount of air voids. Therefore, when the vacuum mixing is applied, only 
remaining air bubbles can be removed. However, by applying heat treatment to the mixtures, a 
significant reduction in total porosity, macropores+entrained air voids, and capillary pores of 
RPC were obtained.  
The increase of the copper slag proportion up to 15% has only a limited effect on the heat 
production of cement paste. This shows that the filler effect of the slag is able to compensate 
for the reduced cement content, in spite of the fineness of the slag being lower than for the 
cement. The utilization of copper slag as cement replacement decreases the energy consumption 
and reduces the carbon footprint in the production of RPC. 
The small effect of copper slag used for UHPM and RPC is due to the insufficient fineness of 
this slag. Therefore, in the next steps of this study, the copper slag will be ground intensively 
to achieve a similar or  higher fineness than cement. 
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Influence of vacuum mixing and heat treatment on mechanical properties 
and microstructure of ultra-high performance concrete containing 
secondary copper slag as supplementary cementitious material (SCM) 
 
The compressive strength of RPC containing copper slag (QCS) under vacuum mixing and heat 
treatment was comparable or slightly increased compared to the reference mixture. From this 
result, it was realized that a higher compressive strength of concrete might be obtained if the 
copper slag fineness goes to nano-size.  However, to achieve this size, higher energy for 
grinding is required since the copper slag has a hardness of 6-7 on the Mohs scale.  Therefore, 
for UHPC the copper slag QCS was used as basalt aggregate replacement, and SCS slag was 
used as cementitious material, since the SCS seemed softer to grind than QCS. Since the heavy 
metal content in SCS and QCS used for UHPM and RPC is responsible for a retardation effect 
during the early hydration of cement paste, it is interesting to study a recently developed clean 
slag in concrete which contains less heavy metal.  
 
The UHPC containing copper slag (QCS) aggregate, prepared under vacuum mixing or without 
vacuum mixing was used as a reference. The SCS or clean slag were then used as cement 
replacement, and vacuum mixing + heat treatment were applied to this UHPC.  
 
Similar to RPC and UHPM, the compressive strength of UHPC containing copper slag (QCS) 
as aggregate replacement for both vacuum mixing and non-vacuum mixing was comparable to 
or even better than the reference mixture. The same behaviour was also obtained for the 
compressive and flexural strength of UHPC containing SCS as cement replacement under 
vacuum mixing or without vacuum mixing combined with heat treatment. The use of clean slag 
seems beneficial as compressive and flexural strength are comparable or even better compared 
to reference mixtures, while a minimal effect on compressive strength of UHPC is obtained in 
the presence of SCS. This is related to the higher fineness of clean slag compared to SCS, and 
the reduced contents of Zn and Pb which may retard the hydration reactions. Replacement of 
the cement by SCS reduced the amount of chemically bound water.  
 
Quantitative analysis of porosity of reactive powder concrete based on back-
scattered-electron imaging and GUI-based Matlab  
 
When the porosity of RPC is quantified by using the Wong overflow method to determine the 
grey value threshold in SEM-BSE images, it is shown that this method overestimates the total 
porosity compared to mercury intrusion porosimetry. To quantify the porosity efficiently, 
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accurately, and reliably, a new threshold selection method is proposed based on the overflow 
method. The image which is captured by scanning electron microscope-backscattered electron 
imaging (SEM-BSE) is quantified by using different types of thresholds. The proposed method 
furthermore divides the captured images in two groups, one of low and one of high brightness, 
respectively corresponding to low and high grey value thresholds. 
 
The new proposed threshold method for SEM-BSE image analysis provides a reliable result, 
and it can be a good alternative for investigating the porosity of reactive powder concrete. The 
procedure can be automated through combination with GUI-based Matlab. It was seen that the 
porosity determined with the proposed grey level thresholds (threshold 1 and 2) corresponded 
better with the porosity obtained by MIP than the Wong method. Still, a very good 
correspondence could not be obtained between the proposed threshold method and MIP even 
with the best threshold, due to the different sizes and characteristics of the pores that can be 
measured with BSE and MIP respectively (e.g. MIP can only reach open pores, while BSE 
visualizes also closed pores). Although the proposed threshold method performs well for the 
investigation of the porosity of RPC, by combining the result with other techniques such as 
computed tomography, air void analysis, or fluorescence microscopy a more complete result 
representing all pore sizes and types of pores may be obtained.   
 
Influence of vacuum mixing on the carbonation resistance and 
microstructure of reactive powder concrete containing secondary copper 
slag as supplementary cementitious material (SCM) 
 
When the CO2 penetrates into concrete, it will cause carbonation and the deterioration of 
reinforced concrete. In this study, the carbonation depth on the RPC samples was measured 
using phenolphthalein method and optical microscopy. The influence of vacuum mixing on the 
porosity reduction and the strength enhancement of RPC containing copper slag were also 
studied.  
 
The carbonation depth for both the samples mixed under vacuum condition (100 mbar) and 
atmospheric pressure (1013 mbar) which was measured on a freshly split RPC surface using 
phenolphthalein indicates no carbonation up to 48 weeks at CO2 concentration of 10%. The 
microscopic observation of the selected RPC mixture under vacuum and non-vacuum mixing 
shows no carbonation both near the surface and deeper down. These findings seem promising, 
however it is necessary to further investigate the carbonation for longer-term exposure (e.g. 
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more than 96 weeks accelerated testing) in order to better assess the effect of copper slag and 
vacuum mixing on carbonation resistance. 
 
By applying vacuum mixing to the RPC mixture, the porosity decreased. The reduction is higher 
with increasing (15-20%) copper slag content. This result is in contrast with the compressive 
strength enhancement of RPC, which decreased for larger replacement levels of copper slag. 
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Sinds het ultrahogesterktebeton (UHPC) in laboratoria ontwikkeld werd in de jaren 60 van 
vorige eeuw, is er een enorme vooruitgang geboekt door onderzoekers wereldwijd om de 
prestaties en duurzaamheid van dit materiaal te verbeteren. De hoge sterkte en duurzaamheid 
van het UHPC laten toe het te gebruiken voor structurele elementen in gebouwen en bruggen 
met grote overspanning. Voor de productie van UHPC is echter veel Portlandcement nodig, wat 
een hoge kost met zich meebrengt. Bovendien wordt bij de productie van Portlandcement een 
aanzienlijke hoeveelheid niet-hernieuwbare energie verbruikt voor het sinteren van de klinker 
endragen de CO2 emissies van de cementindustrie bij aan het broeikaseffect. 
Omwille van de stijgende vraag naar koper voor de constructie- en maakindustrie, blijft de 
koperproductie gestaag toenemen. Het belangrijkste milieuprobleem dat hieraan gerelateerd is, 
is de productie van koperslak als bijproduct. Deze slak wordt niet gerecycleerd en aanzienlijke 
landoppervlaktes zijn nodig voor de opslag ervan. Bovendien kan er een belangrijke negatieve 
impact zijn op de waterkwaliteit wanneer zware metalen en andere schadelijke stoffen uitlogen. 
Daarom wordt een oplossing gezocht in de toepassing van deze koperslak binnen de cement- 
en betonindustrie. Dit idee werd uitgewerkt in het voorliggend onderzoek, waarin secundaire 
koperslak van een Belgisch recyclagebedrijf gebruikt werd als supplementair cementerend 
materiaal en als granulaatvervanging in ultrahogesterktebeton. 
Eén van de doelstellingen van dit doctoraatsonderzoek, was om de ontwikkeling van de 
puzzolane activiteit van koperslak te bestuderen. Door verschillende maalmethoden toe te 
passen werd koperslak met verschillende fijnheid bekomen. Om de puzzolane activiteit in te 
schatten, werden verschillende methoden toegepast. De koperslak vertoonde een lage 
puzzolane activiteit in de Chapelle test. Een vergelijkbaar resultaat werd bekomen met de 
Frattini test na een testduur van 15 dagen. Dit resultaat verklaart de resultaten voor de 
druksterkte die later werden bekomen en de reductie van de hydratatiewarmte wanneer cement 
vervangen wordt door koperslak. De resultaten tonen echter ook aan dat sommige van de 
onderzochte mengsels op 90 dagen puzzolane activiteit kunnen vertonen, omdat ze een hogere 
sterkteactiviteitsindex (SAI) bezitten op deze ouderdom. Anderzijds werd een veelbelovend 
resultaat bekomen voor de recent ontwikkelde “propere slak”, die na vermalen met hogere 
energie, volgens de Frattini test na 28 dagen puzzolane activiteit vertoont. Dit resultaat werd 
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bekomen wanneer de koperslak een fijnheid vertoonde die vergelijkbaar of licht hoger was dan 
de cementfijnheid. 
Effect van secundaire koperslak als cementerend materiaal in 
ultrahogesterktemortel 
In deze studie werden zowel snelgekoelde gegranuleerde koperslak (QCS) en traaggekoelde 
gebroken koperslak (SCS) intensief gemalen in een planetaire ballenmolen (droge methode) 
om twee verschillende fijnheidsgraden te bekomen. Er werden mortels gemaakt met koperslak 
als gedeeltelijke cementvervanger. De vervangingspercentages varieerden tussen 0 en 20 
gewichtspercent in stappen van 5%. Een zeer lage water/bindmiddel-verhouding (w/b = 0.15) 
werd gekozen om ultrahogesterktemortel (UHPM) te produceren. Om het effect van koperslak 
als cementvervanging te verklaren, werden de druksterkte en warmteproductie via isotherme 
calorimetrie bepaald. Puzzolane activiteit en activiteitsindex voor de sterkte werden ook 
opgemeten om de reactiviteit van de slak in cementpasta en beton te beoordelen. 
Er werd vastgesteld dat een toename van de fijnheid van SCS een positief effect had op de 
druksterkte, terwijl een toename in QCS fijnheid geen significant effect had op de 
sterkteontwikkeling. Via isotherme calorimetrie werd gevonden dat de bindmiddelreacties in 
UHPM gestimuleerd worden door vervanging van een beperkt gedeelte (5%) van het 
Portlandcement door koperslak. Grotere vervangingspercentages leidden eerder tot een 
vertraging van de hydratatiereacties. Dit kan toegeschreven worden aan een verdunning van het 
klinkergehalte in de pasta, aan de beperkte puzzolane activiteit van de slak en aan zware metalen 
zoals Zn in de koperslak. Niettemin liet het gebruik van fijngemalen traaggekoelde koperslak 
in vervangingspercentages tot 20% toe om eenzelfde warmteproductie te bekomen op 7 dagen 
ouderdom als een controlemengsel met enkel Portlandcement. De druksterkte op 7 dagen was 
zelfs hoger voor de mengsels met koperslak dan voor de controlemengsels met Portlandcement. 
Omwille van een tragere sterkteontwikkeling na 7 dagen ouderdom werden echter uiteindelijk 
gelijkaardige of enigszins lagere sterktes bekomen voor mengsels met 20% koperslak dan voor 
de Portlandcement referentie.  
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Effect van intensieve vacuümmenging en warmtebehandeling op de 
druksterkte en microstructuur van reactiefpoederbeton (RPC) met 
secundaire koperslak als supplementair cementerend materiaal 
 
Koperslak heeft een hardheid van 6-7 op de schaal van Mohs en is vooral opgebouwd uit 
ijzersilicaatglas. Daarom is er veel energie nodig om dit materiaal te malen. Bij het maalproces 
in een ballenmolen wordt de nodige energie bepaald door de tijd, snelheid en aantal gebruikte 
kogels. In het voorgaand onderzoek bereikte de QCS een specifieke oppervlakte van 2533 cm2/g 
bepaald met de Blaine test, bij een lange maaltijd (5 keer 12 minuten aan 300 toeren per minuut), 
en vijf kogels. Omdat dit maalproces veel tijd in beslag nam, werd nu een korter proces uitgetest 
(6 keer 5 minuten aan 390 t.p.m.) met 7 kogels in de ballenmolen. Hierdoor kon de maaltijd 
met 30 minuten gereduceerd worden. Uiteindelijk werd met deze procedure een specifieke 
oppervlakte van 2277 cm2/g bereikt. Zoals eerder vermeld werd bij UHPM geen significante 
toename van de druksterkte bekomen door vervanging van cement door de fijngemalen 
koperslak. Om de puzzolane activiteit van de koperslak en de sterkte van het beton mogelijks 
te verhogen werd het gebruik van vacuümmenging en een warmtebehandeling onderzocht. 
Deze technieken werden toegepast op RPC mengsels met koperslak als cementvervanging en 
een significant effect op de druksterkte van het beton werd verwacht. De porositeit van het RPC 
werd bepaald met behulp van kwikporosimetrie. 
 
De druksterkte die bereikt werd voor RPC met koperslak was gelijkaardig als of zelfs hoger 
dan de druksterkte van het referentiebeton, voor alle behandelingen. Het effect van 
vacuümmengen om de druksterkte van RPC te verhogen was beperkt. Dit kan verklaard worden 
door het feit dat RPC samengesteld is uit fijne deeltjes zodat de porositeit reeds zeer beperkt is 
en er slechts weinig luchtholtes overblijven. Er zijn dus slechts weinig resterende luchtbellen 
die door vacuümmengen kunnen verwijderd worden. Echter door warmtebehandeling toe te 
passen werd wel een significante vermindering van de totale porositeit, macroporiën + 
luchtholtes en capillaire poriën bekomen. 
 
Wanneer het gehalte koperslak opgevoerd werd tot 15%, had dit slechts een beperkt effect op 
de warmteproductie van de cementpasta. Dit geeft aan dat het gebruik van koperslak als vulstof 
kan compenseren voor een gereduceerd cementgehalte, ondanks het feit dat de fijnheid van de 
slak lager is dan deze van cement. Het gebruik van koperslak als cementvervanging kan het 
energieverbruik en de CO2 emissies verbonden aan de productie van RPC verminderen. 
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Het beperkte effect van de gebruikte koperslak bij toepassing in UHPM en RPC was wellicht 
te wijten aan een te beperkte fijnheid van de slak. Daarom werd in het daaropvolgend onderzoek 
de slak meer intensief gemalen om een gelijkaardige of hogere fijnheid te bekomen als voor 
cement. 
Effect van vacuümmenging en warmtebehandeling op de mechanische 
eigenschappen en microstructuur van ultrahogesterktebeton (UHPC) met 
secundaire koperslak als supplementair cementerend materiaal 
De druksterkte van RPC met koperslak (QCS) gemengd onder vacuüm en na toepassing van 
warmtebehandeling, was vergelijkbaar of licht hoger dan voor de referentie. Er werd 
verondersteld dat een hogere sterkte van het beton zou kunnen bereikt worden wanneer de 
koperslak kon vermalen worden tot nanopartikels. Om zo fijn te vermalen is echter veel energie 
nodig, omdat de koperslak een hardheid van 6-7 heeft op de schaal van Mohs. Daarom werd in 
het UHPC de koperslak QCS gebruikt als vervanging van het basaltgranulaat, en de SCS slak 
werd gebruikt als cementvervangend materiaal, vermits het iets zachter leek om te vermalen 
dan QCS. Bovendien, vermits de zware metalen in de SCS en QCS die eerder gebruikt werden 
in de UHPM en RPC verantwoordelijk geacht werden voor een vertraging van de vroege 
hydratatiereacties, leek het interessant om als alternatief een recent ontwikkelde “propere slak” 
met gereduceerd gehalte aan zware metalen te onderzoeken. 
 
Het UHPC met de koperslak QCS als granulaat, gemengd met of zonder vacuüm, werd gebruikt 
als referentie. De SCS of propere slak werden dan gebruikt als cementvervanging en er werd al 
dan niet een warmtebehandeling toegepast. 
 
Net zoals bij de RPC en UHPM was de druksterkte van UHPC met koperslak QCS zowel bij 
vacuümmengen als bij mengen onder atmosfeerdruk vergelijkbaar met of zelfs beter dan voor 
het referentiemengsel. Gelijkaardige vaststellingen werden gedaan voor de druk- en 
buigtreksterkte van UHPC met SCS als cementvervanging, met of zonder vacuümmenging en 
na warmtebehandeling. Het gebruik van de propere slak leek voordelig, want er was een meer 
positief effect op druk- en buigtreksterkte dan in het geval van UHPC met SCS. Dit kan 
verklaard worden door de hogere fijnheid van de propere slak in vergelijking met SCS en de 
gereduceerde hoeveelheden Zn en Pb die de hydratatiereacties kunnen vertragen. Vervanging 
van cement door SCS verminderde de hoeveelheid chemisch gebonden water.  
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Kwantitatieve analyse van de porositeit van reactiefpoederbeton met behulp 
van rasterelektronenmicroscopie met teruggekaatste elektronen en GUI- 
gebaseerde Matlab 
 
Wanneer de porositeit van RPC gekwantificeerd wordt door toepassing van de overflow 
methode van Wong om de drempel voor de grijswaarde in SEM-BSE beelden te bepalen, zullen 
de bekomen waarden de totale porositeit overschatten in vergelijking met deze bekomen via 
kwikporosimetrie. Om de porositeit efficiënt, betrouwbaar en nauwkeurig in te schatten, werden 
nieuwe drempelwaarden ingevoerd, gebaseerd op het “overflow” criterium van Wong. De 
beelden die bekomen werden door rasterelektronenmicroscopie met teruggekaatste elektronen 
(SEM-BSE) werden onderzocht met behulp van deze nieuwe drempelwaarden. De gebruikte 
methode deelt bovendien de beelden in in twee groepen van lage en hoge helderheid, die 
overeenstemmen met lage en hoge drempelwaarden voor de grijswaarden. 
 
De nieuw voorgestelde methode blijkt een betrouwbaar resultaat te geven en biedt een goed 
alternatief om de porositeit van reactiefpoederbeton te onderzoeken. De procedure kan ook 
geautomatiseerd worden door combinatie met de grafische gebruikersomgeving van Matlab. 
De porositeit bepaald met de gekozen drempels voor grijswaarden correspondeerde beter met 
de porositeit bekomen met kwikporosimetrie dan de methode van Wong. Nochtans kan een 
volledige overeenstemming met kwikporosimetrie logischerwijze niet verwacht worden, zelfs 
met de beste gekozen drempelwaarden, vermits beide methoden verschillende poriënsoorten en 
eventueel poriëngroottes meten. Zo bereikt kwikporosimetrie enkel de open poriën, terwijl met 
SEM-BSE ook gesloten poriën gevisualiseerd worden. Hoewel de voorgestelde methode goed 
functioneert, kan combinatie met andere technieken zoals X-stralen tomografie, 
luchtbelanalysis of fluorescentiemicroscopie een meer volledig beeld geven van de 
poriënstructuur. 
 
Invloed van vacuümmenging op de carbonatatieweerstand en 
microstructuur van reactiefpoederbeton met secundaire koperslak als 
supplementair cementerend materiaal 
 
Wanneer CO2 in beton binnendringt, zal het carbonatatie veroorzaken en corrosie van het 
wapeningsstaal. In deze studie werd de carbonatatiediepte van RPC gemeten met fenolfthaleïne 
en optische microscopie. Het doel was om deze te relateren aan het effect van vacuümmenging 
op de reductie van de porositeit en sterktetoename. 
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De carbonatatiediepte gemeten met fenolfthaleïne voor de monsters gemengd onder vacuüm 
(100 mbar) en atmosfeerdruk (1013 mbar) op een versgespleten RPC oppervlak toonde geen 
carbonatatie tot 48 weken bewaring bij een CO2 concentratie van 10%. Microscopische 
observatie gaf aan dat er geen carbonatatie was zowel aan het oppervlak als dieper in het 
monster. Dit lijkt veelbelovend, maar het is toch aan te raden om de carbonatatie verder op te 
volgen voor langere blootstellingstijden om nog beter het effect van de koperslak en het 
vacuümmengen op de carbonatatieresistentie te kunnen evalueren. 
 
Door vacuümmenging toe te passen op het RPC mengsel, nam de porositeit af. De reductie was 
belangrijker bij toenemend gehalte (15-20%) koperslak. Dit resultaat was in contrast met de 
druksterkte van het RPC, die toenam voor grotere vervangingspercentages. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
1.1.  Research significance 
Conventional concrete is a composite material which is composed of only one binder 
(cement), aggregates and water. Amazing progress in concrete technology allows this material 
to be used in mega infrastructure. This is supported by the scientific revolution in chemistry 
and physics which gives the researchers tools to create an excellent innovation in concrete 
technology. As an example, the 3rd generation of superplasticizer (polycarboxylate ether (PCE)) 
and nano silica as an extra binder can be used to generate a higher strength concrete, since the 
PCE can achieve up to 40% water reduction [1] and the nano-silica can produce more CSH gel 
during the hydration process [2].  
The use of vacuum mixing and heat curing can provide superior strength and higher 
durability of concrete [3-8]. The use of high speed mixing combined with vacuum will provide 
a homogeneous fresh mixture with fewer air bubbles. When heat curing is applied, the 
production of CSH gel increases. All of the technologies mentioned can produce ultra-high 
performance concrete (UHPC), and it can compete with steel as a construction material in the 
future.  
In recent years, the application of green concrete has become popular in many countries. 
Green concrete can be developed using various by-products. Copper slag is one of the by-
products from the mining industry or recycling plants which can be used as cement replacement 
or aggregate replacement. The use of copper slag in concrete seems promising as mentioned by 
several researchers [9-24]. The production of UHPC using copper slag implies low cost since 
this material is a waste material, and it can help to decrease landfilling.  
 
1.2. Motivation 
In the production of copper from the recycling plant, slag accumulates at the smelting 
process and converting process [25]. The major constituents are iron and silica [26]. The slag 
also contains heavy metals such as Zn, As, Hg, Cu, Pb, and etc. Since the content of iron in slag 
is about 50 – 55%, the slag could function as a promising source of iron if appropriate recovery 
techniques are available.  
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A pyrometallurgical treatment to recover the iron from copper slag, which is deep 
reduction-magnetic beneficiation [27] obtained iron powder of 96.21% iron content with an 
iron recovery rate of 91.82% under the condition of which the roasting temperature is 1300 oC, 
The roasting time is 3 h, the grinding time is 20 min, and the magnetic field intensity is 61 
kA/m. Cao et al. [28] used a rotary hearth furnace (RHF) direct reduction (DR) and grinding 
magnetic separation process and obtained iron powder (iron grade) of 90.35% with an iron 
recovery rate of 89.70% under the temperature of 1280 oC and the magnetic field intensity of 
143.31 kA·m−1.  However, these technologies including flotation, and leaching to extract the 
iron are non-environmentally friendly, high cost, and have a high energy consumption.  
Another major component in slag is silica, which is one of the pozzolanic components in 
slag. Although the slag needs grinding to be used as supplementary cementitious material in 
concrete production, this is a cheap and promising way to valorize the slag in higher value 
applications. 
 
1.3.  Overview of this dissertation 
This thesis will discuss the effect of secondary copper slag as supplementary cementitious 
material or aggregate replacement in ultra-high performance mortar (UHPM), reactive powder 
concrete (RPC), and ultra-high performance concrete (UHPC). Besides this, the quantification 
of porosity of RPC using the proposed threshold method will be discussed.  
In CHAPTER III, the effect of copper slag on compressive strength of UHPM will be 
examined. The influence of copper slag on hydration of cement paste will be discussed. In this 
part, the pozzolanic activity of copper slag will be assessed using Chapelle test, Frattini test and 
strength activity index (SAI). 
 
In CHAPTER IV, the effect of copper slag on the compressive strength of RPC will be 
investigated. The influence of vacuum mixing and heat curing on the RPC containing copper 
slag will be discussed in this part. The evolution of porosity determined by mercury intrusion 
porosimetry (MIP) will be pointed out in this chapter. The development of the pozzolanic 
activity of copper slag will be assessed by Frattini test. The heat production of slag will be 
examined by calorimetric tests.  
 
In CHAPTER V, the influence of vacuum mixing and heat treatment on UHPC containing 
secondary copper slag as aggregate and cement replacement will be discussed. The porosity 
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evolution of UHPC determined by MIP will be investigated. In this part, the pozzolanic activity 
of slowly cooled broken copper slag (SCS) and Clean slag determined by measurement of the 
chemically bound water and the Frattini test will be discussed. 
 
In CHAPTER VI, an automated analysis based on back-scattered-electron imaging and 
GUI-based Matlab for segmentation of the porosity of reactive powder concrete is presented. 
The development of the proposed threshold method for quantifying the pore structure based on 
two different brightness levels will be investigated. 
 
In CHAPTER VII, the effect of vacuum mixing on the carbonation resistance and 
microstructure of reactive powder concrete (RPC), made with secondary copper slag as partial 
cement replacement will be discussed. The pozzolanic activity of copper slag determined by 
the Chapelle test is addressed again in this respect. 
 
In CHAPTER VIII,  conclusions will be drawn based on all of the results obtained and 
perspectives for future research will be given. 
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CHAPTER 2  
LITERATURE REVIEW 
 
2.1. Introduction 
Concrete is favoured by the designers due to three primary reasons [1] which are: 
1. Concrete has excellent resistance to water; 
2. Concrete can be used for structural elements and can be formed into a variety of shapes 
and sizes; 
3. The production cost is relatively cheap in comparison to steel because the ingredients 
are readily available near the production site. 
Moreover, the use of concrete in infrastructure projects all over the world is fast-growing. 
This is supported by the scientific revolution in chemistry and physics creating possibilities for 
excellent innovation in concrete technology. As an example, the 3rd generation of 
superplasticizer (polycarboxylate ether (PCE)) and nano-silica can be used to generate a higher 
strength concrete, since the PCE can achieve up to 40% water reduction [2] and the nano-silica 
can produce more CSH gel during the hydration process [3].  
One of the best ancient concrete structures which was built about 2000 year ago is the 
Pantheon (118-126 AD) [4]. This monument, located in Rome, was built using the first 
hydraulic binder which contains a mixture of lime and pozzolana (natural volcanic silica dust) 
[5]. In the modern era, the Harbin Opera House, located in China is one of the aesthetic 
buildings which was built using the latest cement technology. The advance and upgrading of 
high technology concrete is a key for the designers to achieve an amazing creation like the 
Harbin Opera House. Indeed, the mechanical strength of concrete used for the Harbin Opera 
House is higher than the Pantheon. However, the binder used for Pantheon was a natural 
material which did not require a technology in its processing. This means that the Pantheon was 
relatively low cost and more environmentally friendly than the Harbin Opera House. 
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Figure 2.1. The Pantheon in Rome [4] and the Harbin Opera House [6] 
 
2.2 Ultra-high performance concrete  
Ultra-high performance concrete (UHPC) is a class of concrete that exhibits extremely 
high durability and strength properties. Additionally, it is characterized as concrete with an 
extremely low water-to-cementitious material ratio, high binder content, optimum packing 
density to eliminate capillary pores and extremely dense matrix, and concrete strength equal or 
greater than 150 MPa.  
 
2.2.1.  Improvement in packing density 
The optimum packing density depends on the particle size distribution and the particle 
shape [7]. Park et al. [8] found that the highest strength of UHPC (over 180 MPa) is obtained 
when using aggregates with a particle size less than 0.5 mm. Geisenhanslüke and Schmidt [9] 
used two quartz powders (Q1 and Q2) which have different fineness of 3600 and 1800 cm2/g, 
respectively. They found that the optimum packing density is obtained for the quartz powder 
composition of 30% Q1 and 70% Q2. Another researcher stated that nanosize particles are a 
guarantee for a higher strength of concrete [10, 11]. Due to the higher specific area of the 
binders, as seen in Figure 2.2, they can act as nuclei for cement phases and speed up cement 
hydration due to their high reactivity. These nano aggregates are responsible for densifying the 
microstructure and the interfacial transition zone (ITZ) and in the end, they can minimize the 
porosity of concrete. 
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Figure 2.2. Particle size and specific surface area related to concrete materials [10] 
 
2.2.2 Effect of heat treatment 
Heinz et al. [12] reported on developing UHPC using supplementary cementitious 
materials such as fly ash and ground granulated blast-furnace slag (GGBS) as partial 
replacement for the cement and silica fume used in the reference concretes mixes. To achieve 
strength above 150 MPa and 200 MPa at the age of 28 days, they applied normal condition and 
heat treatment at 90 oC for 24 hours, respectively. The result shows that compressive strength 
declines as mineral substitutions increase. They also found that it is likely to achieve a strength 
above 200 MPa using only 25% OPC and 75% GGBS after heat treatment. In this case, a 
suitable selection of materials is also required. Heinz and Ludwig [13] used heat treatment to 
increase the strength of UHPC. They noticed that a compressive strength of UHPC up to 280 
MPa is obtained when applying heat treatment up to 180 °C. A slight reduction in strength for 
UHPC between 1 and 28 days was observed after using heat treatment at a temperature equal 
to or higher than 90 0C as seen in Figure 2.3. This phenomenon is due to relaxation following 
the heat-treatment. Dils et al. [14] noticed that heat curing enhances the compressive strength 
of UHPC mixed under vacuum with about 13% and that of UHPC mixed at normal air pressure 
with 25%. Herold and Müller [15] investigated the porosity of ultra-high strength fibre 
reinforced concrete (UHSFRC) under heat treatment and non-heat treatment using mercury  
intrusion porosimetry (MIP), gas adsorption and scanning electron microscope (SEM). They 
found that there is a significant decrease in the pore radius distribution of this concrete 
undergoing heat treatment compared to non-heat treated UHSFRC. 
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Figure 2.3. Compressive strength of UHPC under heat treatment at various temperatures [13] 
 
2.2.3 Influence of vacuum mixing 
As for all materials, the microstructure of concrete is the key to its performance [16]. An 
improvement of the microstructure can be achieved by the mixing technology. Schachinger et 
al. [17] found that the compressive strength of UHPC increased when the air pressure of mixing 
decreased from 1000 to 50 mbar as shown in Figure 2.4. Wille et al. [18] concluded that the 
compressive strength decreases with an increase in air content. Dils et al. [14] noticed that the 
effect of vacuum mixing on the compressive strength of UHPC is small, it increased about 11% 
compared to non-vacuum mixing. This finding can be explained by the fact that the UHPC has 
finer ingredients and when mixed with water and superplasticizer it will generate a self-
compacting paste that can remove the air bubbles by its weight. Thus, applying vacuum mixing 
will not influence the air content much.  
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Figure 2.4. Effect of pressure on compressive strength [17] 
 
2.2.4  Supplementary cementitious materials in UHPC 
It is well known that the use of supplementary cementitious materials in concrete can 
enhance both the compressive strength and durability. In this section, we will discuss about 
alternative binders and their effect on the performance of UHPC. 
Gerlicher et al. [19] studied the use of ground blast furnace slag in UHPC. In their 
research, mix M2Q shown in fig. 2.5 was used as a reference. They found that the compressive 
strength of concrete decreased with increasing slag content. However, a similar strength as for 
the reference was found for mixture M2Q containing 15% slag by volume after reducing the 
water content as shown in Figure 2.5. The use of metakaolin in UHPC was investigated by 
Tafraoui et al. [20]. They found that there was no positive effect of using metakaolin instead of 
silica fume in UHPC. Tuan et al. [21, 22] studied the use of rice husk ash (RHA) versus silica 
fume as replacement for cement in UHPC. In this study, both RHA and silica fume were used 
in proportion of 20% of the binder. They noticed that the highest strength of UHPC at the later 
ages was achieved when using 20% RHA, as seen in Figure 2.6. Yu et al. [23] investigated the 
use of ground granulated blast-furnace slag (GGBFS), fly ash (FA), and limestone powder (LP) 
as alternative binders in UHPC. They concluded that UHPC containing 30% GGBFS (by mass) 
has superior mechanical strength at later ages, while the strength of the concrete mixes with FA 
and LP is similar. They also noticed that the effect of those SCMs is not significant on strength 
of UHPC. This finding is in contrast with the results achieved for normal concrete [24-30]. This 
phenomenon is related to the fact that the amount of water used for UHPC is lower than for 
normal concrete. Thus, the limited amount of water in UHPC was absorbed by the SCMs and 
cannot react with cement, which causes that the amount of additional hydration products is 
limited and the strength improvement of UHPC is restricted [23].  Korpa and Trettin [31] 
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investigated the evolution of porosity of UHPC containing nanoscale pozzolans compared to 
the porosity of normal concrete. They noticed that pore volume of UHPC with nano SCMs is 
significantly lower than the pore volume of normal concrete.  
 
Figure 2.5. Effect of slag and water reduction on compressive strength [19], with mix 
design for M2Q (in kg/m3): Cement = 832 ; Silica fume = 135 ; Water = 166 ; 
Superplasticizer = 34 ; Quartz flour = 207 ; Quartz sand = 975; C-x = the replacement 
level of Portland cement by slag; W = with reduced water content 
 
 
Figure 2.6. Compressive strength development of UHPC in which 20% of the cement 
was replaced by silica fume or rice husk ash [22] 
 
2.2.5  Durability  
Since the compressive strength of UHPC is greater than 150 MPa at 28 days, the 
durability is also higher. This section will discuss chloride penetration resistance, carbonation 
resistance, durability related to ettringite formation and freezing-thawing resistance.  
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 Andrade and Torres [32] studied the carbonation resistance of an UHPC beam over a 
long term. The beam was held outdoor during 16 years. The result shows a high carbonation 
resistance after 16 years. The carbonated zone was less than 1 mm as shown in Figure 2.7. Liu 
et al. [33] found that the carbonation of UHPC after 28 days of curing was 0.30 mm. The 
durability of UHPC was also studied by Moser and Pfeifer [34]. They found that a delayed 
ettringite formation in microcracks with a crack width smaller than 10 µm can be observed for 
UHPC samples under heat treatment and pre-damaged after the 10th cycle in cyclic climate 
storage (i.e. drying , moisturizing and freeze thaw) (218 days), whereas a strong carbonation 
occurs at the crack width higher than 10 µm. In terms of chloride penetration resistance, Jooss 
and Reinhardt [35] concluded that the diffusion coefficient of chloride ions in UHPC (0.1 x 10-
7
 m2/s) was  lower than HPC (0.5 x 10-7 m2/s). Dils et al.[36] investigated the freeze thaw 
resistance of UHPC under severe conditions.  They found that the samples that were cooled at 
temperature down to  -30 oC and heated at temperature up to 30 oC show strong freeze thaw 
resistance as the residual tensile strength is higher than 12 MPa. However, the residual tensile 
strength began to drop to lower than 12 MPa for UHPC without vacuum mixing when the 
heating temperature  changed from 30 to 50 and 90 oC. This phenomenon is due to the 
microcracks which are formed by thermal shock at higher temperature of 50 and 90 oC.  
 
Figure 2.7. Carbonation test of UHPC using phenolphthalein  after 16 years outdoor 
exposure [32]; carbonation depth was below 1 mm. 
 
2.3 Reactive powder concrete 
Reactive powder concrete belongs to the family of ultra-high performance concrete. The 
production of this concrete requires fine materials to obtain a higher packing density. Coarse 
aggregate with a size of 20 mm can be used for the production of UHPC. For RPC, coarse 
aggregate with size equal or smaller than 400 µm is used instead of 20 mm to reduce the size 
of microcracks due to external loads, autogenous shrinkage, and differential expansion between 
paste and aggregate under the effects of heat-treatment [37].  
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2.3.1  Effect of supplementary cementitious materials in RPC 
In literature, it is often mentioned that the use of supplementary cementitious materials 
(SCMs) in concrete can increase the mechanical strength. Several types of SCMs are by-product 
or waste from other industrial processes. When using these wastes in concrete as a cement 
replacement, a reduced cost for the concrete production will be achieved, and environmental 
degradation can be prevented. In this section, the use of SCMs in RPC will be discussed. 
Yazici et al. [38] studied the influence of fly ash and ground granulated blast furnace slag 
(GGBFS) as an alternative silica source in reactive powder concrete. They replaced the cement 
with fly ash or GGBFS by weight from 0 to 60 wt% in steps of 20 wt%. They found that the 
strength of RPC decreases with rising fly ash or GGBFS substitution in the concrete mixture as 
seen in Figure 2.8. They also noticed that GGBFS seemed better than fly ash since the decrease 
in compressive strength was higher for RPC with fly ash compared to RPC with GGBFS. 
Yanzhou et al. [39] investigated the effect of phosphorous slag powder (PS) and silica fume 
(SF) on the properties of RPC. They concluded that the mechanical strength of RPC at 7 days 
containing 35 and 15 wt% of PS and SF in the binder respectively, was higher than that of RPC 
containing 30 wt% of PS and 15 wt% of SF (22.9 vs 21.7 MPa for flexural strength and 156.8 
vs 151.2 MPa for compressive strength).  Moreover, addition of steel fibres (1% by volume) to 
these two RPC compositions  gave a compressive strength of 190 MPa for the mix with 30 wt% 
of PS and 15 wt% of SF and 187 MPa for the mix with 35 and 15 wt% of PS and SF. Yanzhou 
et al. [40] used ultra-fine fly ash (UFFA) and steel slag powder (SS) as cement replacement.  
As a reference mixture, cement was replaced by silica fume at a constant weight (15%). 
Afterwards, cement was also replaced by UFFA or SS (by weight) at proportions of 10%, 15%, 
20%, 30% and 40%. They found that the compressive strength decreased with increasing UFFA 
or SS content in the RPC mixture. Staquet and Espion [41] studied the effect of silica fume type 
on compressive strength of RPC. They used four types of silica fume as a cement replacement, 
which are SF1 from the zirconium industry and SF2, SF3, SF4 from the silicium industry (Table 
2.2). They found that the compressive strength of RPC using the four different types of silica 
fume is almost similar. However, the workability of fresh RPC using SF1 and SF2 was better 
than that of fresh RPC using SF3 and SF4.  
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Figure 2.8. The effect of GGBFS and fly ash on compressive strength [38] 
 
 
Table 2.1. Original RPC composition according to [37] used by [41] 
RPC Composition Mass/volume ratio (kg/m3) Material/cement ratio 
Cement 
Silica fume 
Silica sand 
Crushed quartz 
Steel fibers 
Superplasticizer (dried up) 
Water 
693 
225 
991 
208 
151 
14.4 
159 
1 
0.324 
1.43 
0.30 
0.218 
0.021 
0.23 
 
 
Table 2.2. Characteristic parameters of the tested silica fumes [41] 
 Silica fume 1 Silica fume 2 Silica fume 3 Silica fume 4 
Color 
SiO2* 
Al2O3*,1 
CaO*,2 
MgO*,3 
Fe2O3*,4 
Oxides1,2,3,4, 
SO3* 
K2O* 
Na2O* 
Alkalis** 
TiO2* 
MnO2* 
ZrO2* 
C* 
SiC* 
Loss on ignition 
White 
93.5 
3.5 
0.02 
- 
0.15 
3.67 
60ppm 
0.06 
0.10 
0.14 
150ppm 
- 
2.4 
60ppm 
- 
0.5 
Light grey 
98 
<0.3 
<0.3 
<0.1 
<0.05 
<0.75 
<0.2 
<0.25 
<0.05 
<0.21 
- 
- 
- 
<0.4 
- 
<0.6 
Black 
95 
NA 
NA 
NA 
NA 
1-1.5 
- 
NA 
NA 
0.6-1 
- 
- 
- 
1.5-3 
1.5-3 
NA 
White 
98 
- 
<0.5 
- 
- 
<0.5 
- 
<0.5 
<0.5 
<0.83 
- 
- 
- 
<0.03 
<0.1 
<0.5 
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Bulk density 
Specific density 
BET (m2/g) 
0.435 
2.2 
12.79 
0.366 
NA 
14.91 
0.652 
2.24 
19.95 
0.180 
NA 
30.53 
Note: * = in percentage of weight ; ** = Alkalis equivalent: (Na2O + 0.658 K2O) in percentage 
of weight ; NA = no available measurement. 
The carbon content is probably responsible for the colour of the silica fume. 
 
2.3.2  Effect of heat curing  
The performance of concrete can be maximized when applying heat treatment. This 
method has been applied by many researchers in the last twenty years. A high amount of 
unreacted silica is still present in the concrete microstructure for concrete under normal curing 
conditions (storage in water at 20 oC) as mentioned by Heinz et al. [12] in Figure 2.9.  The silica 
content decreases with age because of the reaction with Ca(OH)2. However, the reaction is still 
incomplete after 28 days of curing. When heat curing is applied, the silica content decreases to 
form CSH gel as seen in Figure 2.9. This is the reason for the higher strength of concrete after 
heat treatment.   
 
Figure 2.9. Silicate phase in M2Q assessed by NMR spectroscopy for normal curing 
(storage in water at 20 oC) and heat curing at 90 oC [12]. The composition of M2Q can 
be found in Figure 2.5 
 
Heat treatment at the temperature between 90 and 200 oC was used for RPC after the final 
setting time was reached by Cwirzen [42]. Besides the fact that the pozzolanic reaction can be 
speeded up by this treatment, the hydration products were also modified by changing the CSH 
chain length from trimer to pentamer. Tam and Tam [43] used temperature curing at 100°C, 
150°C, 200°C and 250°C and a duration of 8 h, 16 h and 24 h. They concluded that a positive 
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result was obtained for the RPC under heat treatment. They also found that the microstructure 
changed and the formation of xonotlite (5CaSiO3‧H2O) with some dihydroxylation of cement 
gel is formed. Helmi et al. [44] studied the effect of high-pressure temperature curing on RPC 
microstructure formation. They applied four combinations of treatment, which are water-curing 
without pressure (A); heat-curing in a drying oven without pressure (B); water-curing with 
static pressure (8 MPa) (C); and heat-curing in a drying oven with static pressure (8 MPa) (D). 
They concluded that there was a significant increase in compressive strength for RPC at 7 days 
under heat curing with or without pressure (B and D) compared to RPC cured in water with or 
without pressure (A and C) as seen in Figure 2.10. They noticed that the compressive strength 
of RPC decreased at 28 days after applying heat curing with or without pressure (B and D). It 
is often mentioned that these phenomena are related to the high cement content together with 
curing at high temperature [45]. The rapid hydration leads to a non-uniform distribution of 
hydration product and also generates microcracks which remain unfilled by CSH gel after 7 
days [46]. Hiremath and Yaragal [47] investigated the effect of five different curing regimes 
and durations on early strength development of RPC. They noticed that the highest compressive 
strength was obtained with hot water bath curing for 12 h duration at 90 oC, when compared to 
normal water curing, ambient air curing, accelerated curing, and hot air curing. Thomasz Zdeb 
[48] studied the effect of steam curing and autoclaving on the mechanical properties of RPC. 
In his study, the stages of  hydrothermal treatment were preset time (20 oC), ramp time, holding 
time (90 oC for steaming and 250 oC for autoclaving), and soak time. The preset time varied at 
0, 3, 6, 12, and 24 hours whereas the holding time was 12 hours. He found that the highest 
mechanical strength was achieved by preset time t1 at 6 hours when applying steam curing. The 
mechanical strength decreased for shorter and longer time as shown in Figure 2.11. There is no 
effect of the preset time on the mechanical strength of RPC when applying autoclaving at 250 
oC.  
  
18 
Chapter 2 
 
Figure 2.10. Compressive strength of RPC under four different types of treatment after 
7 and 28 days [44] 
 
 
Figure 2.11. Mechanical strength evolution under steam curing at 90°C and autoclaving 
at 250°C depending on preset time t1: a) Compressive strength, b) Flexural strength [48] 
 
2.4  (Secondary) copper slag  
2.4.1 The production of (secondary) copper slag 
Copper slag is a by-product obtained during the matte smelting and refining of copper. In 
the smelting process, silica is added and combined with the oxides to generate strongly bonded 
silicate anions [49] which group together to produce slag phases:  
2  3	 → 2	                                                                                          2.1. 
 Silica oxides show no tendency to form this anion when reacting with sulphide. Therefore 
they remain in a different covalent matte phase, which is similar to the silicate phase. A certain 
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amount of aluminium and lime is necessary for stabilizing the slag structure [50]. The molten 
slag is excluded from the furnace at 1000-1300oC. After the liquid slag is cooled to reach room 
temperature, it will form a dense, hard crystalline structure which is also known as slowly 
cooled copper slag (SCS). Granulated copper slag or quickly cooled granulated copper slag 
(QCS) is made by pouring the molten slag into water [49].  
Copper slag is produced in almost all countries over the world. In 2003, approximately 
24.6 million ton of slag was generated from world copper production [49]. This can be seen in 
Table 2.3 based on regions. The production of copper slag significantly increased in recent 
years since the production of copper also increases. Approximately 47.06 million tons of slag 
were generated in 2013 [51]. Based on the CRU consulting, Chile is the most significant 
producer of copper slag, which is 12.74 million tons.   
Table 2.3. Copper slag generation in various regions (2003) [49] 
Regions Copper slag generation/annum  (million ton) 
Asia 
North America 
Europe 
South America 
Africa 
Oceania 
7.26 
5.90 
5.56 
4.18 
1.23 
0.45 
 
According to Bonnina et al. [52],  the refined copper consumption in 2008  was worldwide 
24 Mt, in which 6Mt was supplied by copper recycled smelting plants, and 2.7 Mt came from 
the refined copper waste. It means that 36.2% of the total worldwide consumption of refined 
copper came from the recycling plants. The proportion of recycled copper was 41.4% in Europe, 
33.5% in Asia and 29.5% in North America.  
In Europe, most of the copper slag is obtained from the recycling plants. The raw 
materials of this type of plant are shown in Figure 2.12. The melting furnace processes all 
cupriferous raw materials with a relatively low copper content. The necessary heat of fusion is 
generated by the exothermic reaction between oxygen and iron. At high temperatures, metallic 
iron reduces the oxides of copper, tin and lead. This reaction produces iron oxide which ends 
up in the slag phase. Also, the nonferrous metals are recycled as impure copper metal (“black 
copper”, containing ≥ 80 % Cu and impurities such as Sn, Pb, Fe, Zn, etc [53, 54]). At the end 
of the batch process, the slags are granulated in water and the metal is transported to the refining 
furnace for further processing. In the next stages, the slags are recycled again in the slag furnace 
by adding Cu/Fe scrap into the slag phase. The secondary slag is generated and pure copper 
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anodes are obtained. Impure copper anodes are transported to the tank house for additional 
treatment [54, 55]. The detail of processing in the recycling plant is seen in Figure 2.13.  
 
Figure 2.12. Typical raw materials as delivered for recycling. Tin ash and copper 
filtration (top left), bronze scrap (top right), mixed copper scrap (bottom left), and 
copper refining slags (bottom right) [56] 
 
 
Figure 2.13. Metallo flow sheet, displaying inputs (black), output (blue) and production 
departments (red) [56] 
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2.4.2 The use of (secondary) copper slag in concrete 
In the last two decades, copper slag has been studied by a lot of researchers. Most of them 
focus on high strength concrete and normal concrete. For the class of ultra-high performance 
concrete, only one study could be found. A literature overview is given in Table 2.4. This table 
explains the main findings and physical properties of the copper slag and other materials used.  
Table 2.4. Investigations of copper slag used in concrete by various authors 
Authors Result/ main finding Physical properties of CS and 
other materials 
Mobasher 
et al. [57, 
58] 
Investigated the influence of copper slag 
on the hydration of cement-based 
materials. Combined copper slag (up to 
15% substitution of cement) and up to 
1.5% of hydrated lime as activator could 
increase the compressive strength up to 
90 days of hydration.  They also reported 
a reduction in capillary porosity and rise 
in gel porosity. 
- 40% of the particles smaller 
than 45 µm (CS) 
- specific gravity 3.5 (CS) 
- Crystallized (mineralogical 
observation)  
- Fineness  (cm2/g): 2700 
(CS)  
 
 
The use of copper slag reduced the 
strength at 1 and 7 days while increasing it 
after 28 and 90 days. 
Moura et 
al.  [59] 
Reported the possible use of copper slag 
as a supplementary cementitious material 
in concrete and its effect on strength and 
durability. They concluded that a 
significant increase in compressive 
strength and splitting tensile strength was 
obtained for concrete containing copper 
slag as shown in Table 2.5. 
- Average diameter of 27.2 
µm after grinding 60 min. 
(CS) 
- Fineness modulus:  2.45 
(sand); maximum size of 25 
mm (coarse basaltic 
aggregate) 
- Specific gravity: 3.87 (CS); 
2.624 (sand) The use of copper slag in concrete could 
improve the durability.    
Al-Jabri et 
al. [60] 
Combined copper slag as OPC 
substitution and cement by-pass dust 
(CBPD) or lime as an activator. Using 5 % 
of copper slag + 95 % cement provided the 
highest compressive strength (42 MPa) at 
90 days of curing followed by 1.5% CBPD 
+ 13.5% CS + 85% cement (40 MPa) as 
seen in Figure 2.14. It can be explained 
that CBPD as an activator is better than 
lime. 
- Fineness (cm2/g): 3357 
(OPC); 1261 (CS); 4824 
(CBPD) 
- Specific gravity: 3.15 
(OPC); 3.45 (CS); 2.4 
(CBPD) 
- Initial setting time (min): 
110 (OPC) ; 250 (CS) ; 150 
(CBPD) 
The minor effect of copper slag used as 
cement replacement is due to the low free 
lime content (6%).  
K. S. Al-
Jabri et al. 
[61] 
Investigated the possible use of copper 
slag as a sand substitution in high-
performance concrete. There was a slight 
- Water  absorption: 
0.17% (CS); 1.36% (sand). 
- Specific gravity: 
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increase in the HPC density of almost 5% 
with the rise of copper slag percentage.  
3.4 (CS); 3.15 (OPC); 2.77 
(sand). 
- Gradation: both sand and 
copper slag had comparable 
particle size distribution, but 
sand has higher fines content 
than copper slag 
The use of copper slag up to 40% can 
provide good properties of HPC. A further 
addition of copper slag decreased the 
strength due to an increase of the free 
water content in the mix. 
K. S. Al-
Jabri et al. 
[62] 
Examined the effect of copper slag as fine 
aggregates substitution on the properties 
of cement mortars and concrete. More 
than 70% increase in the mortars 
compressive strength was achieved at 50% 
copper slag proportion.  
- Water  absorption: 
0.17% (CS); 1.36% (sand). 
- Specific gravity: 
3.4 (CS); 3.15 (OPC); 2.77 
(sand). 
- Sieve analysis: Both sand 
and copper slag have 
comparable gradations 
(passing 850 µm and 
retained on 600 µm) 
They recommended the potential use of 
40% – 50% copper slag as a sand 
substitution in concrete mixtures to obtain 
a good strength and durability 
requirements. 
K. S. Al-
Jabri et al. 
[63] 
Analyzed the effect of copper slag as fine 
aggregate substitution in high-
performance concrete at constant 
workability and investigated the influence 
of superplasticizer on the properties of 
high strength concrete (HSC). The 
compressive strength increased gradually 
with the addition of copper slag at a 
constant slump. They also suggested to 
use superplasticizer to achieve good 
workability in HSC. 
- Water  absorption: 
0.17% (CS); 1.36% (sand). 
- Specific gravity: 
3.4 (CS); 3.15 (OPC); 2.77 
(sand). 
- Gradation: both sand and 
copper slag had comparable 
particle size distribution, but 
sand has higher fines 
content than copper slag. 
At  constant slump, the mixture containing 
copper slag substantially increased the 
compressive and flexural strength.  
De 
Schepper 
et al. [64] 
Reported the possible use of secondary 
copper slag in concrete and mortar using 
quickly cooled granulated copper slag 
(QCS) as a sand replacement and as a 
material for cement replacement and 
slowly cooled broken copper slag SCS as 
coarse aggregate.  
- Density: 2.99 g/cm3 (CS); 
3.1 g/cm3 (CEM 1 52.5 N) 
- Particle size distribution 
(µm): CEM 1 52.5 N has 
higher fines content than 
milled QCS. 
- Particle size distribution 
(µm) for aggregates: river 
sand 0/4 has the highest 
fines content followed by 
QCS 0/4, gravel 2/8, gravel 
8/16, and SCS 8/20, 
respectively. 
Mineralogical composition 
(wt%): 
Mineral QCS SCS 
Zincite 0.4 0.6 
Hematite --- 0.8 
A positive effect of copper slag was 
obtained when using the slag as aggregate 
replacement, while as an alternative 
binder the effect of copper slag was minor. 
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Wuestite 1.6 0.4 
Fayalite 4.1 45.5 
Hercynite 4.0 3.9 
Other 89.9 48.8 
 
Wu et al. 
[65] 
Investigated the use of copper slag as a 
fine aggregate replacement in high 
strength concrete. The compressive 
strength of concrete made with less than 
40% copper slag is comparable or slightly 
higher than the control mixture.   
- Specific gravity: 3.66 (CS); 
2.64 (sand); 3.15 (OPC); 
2.65 (coarse aggregate) 
- Fineness modulus: 1.78 
(CS); 2.91 (sand) 
- Particle size distribution: 
uniformly sized (0.1-1.0 
mm) with 60% of the sand 
(CS); well-graded (0.30-
1.18 mm of 70%) (sand); 
continuously distributed 
(10-20 mm of 53%) (coarse 
aggregate) 
The decline of the mechanical strength of 
concrete in their study (compressive, 
flexural, and splitting strength) is due to 
the increasing porosity of the concrete that 
induced by trapped excess water. 
Wu et al. 
[66] 
Studied the use of copper slag as a sand 
replacement on mechanical properties of 
reinforced concrete under dynamic 
compression. In general, the compressive 
strength of copper slag reinforced concrete 
under dynamic compression was 
improved for mixes with substitutional 
amounts of copper slag up to 20% 
compared to reference mixture, beyond 
that the strength decreased.  
- Specific gravity: 3.66 (CS); 
2.64 (sand); 3.15 (OPC); 
2.65 (coarse aggregate) 
- Fineness modulus: 1.78 
(CS); 2.91 (sand) 
- Particle size distribution: 
uniformly sized (0.1-1.0 
mm) with 60% of the sand 
(CS); well-graded (0.30-
1.18 mm of 70%) (sand); 
crushed with maximum size 
of 14 mm 
The use of copper slag in high proportion 
can cause detrimental effect in strength 
development, which is caused by the 
surface texture (glassy) of this material 
that adversely affects their cohesion. 
Khanzadi 
and 
Behnood 
[67] 
Reported the effect of copper slag as an 
aggregate replacement on mechanical 
properties of high strength concrete. They 
replaced the limestone (LS) with 100% of 
copper slag. The results showed that there 
is an increase in compressive strength of 
about 10-15% at 28 days for concrete 
using copper slag compared to concrete 
using limestone aggregate, while the 
splitting strength increased about 10-18%.  
- Specific gravity: 3.59 (CS); 
2.65 (LS)  
- Aggregate crushing value: 
10-21% (CS); 23% (LS) 
- Aggregate impact value: 
8.2-16% (CS); 11% (LS) 
- Water absorption: 0.4% 
(CS); 0.6% (LS) 
- Particle size: 4.75-12.55 
mm (CS); 4.75-12.55 mm 
(LS) The use of copper slag as aggregate 
replacement seems beneficial in strength 
development of concrete.    
Ambiliy et 
al. [68] 
Investigated the use of copper slag as a 
sand replacement in ultra-high 
performance concrete. In the research 
methodology, they prepared a trial mix 
which was evaluated before performing an 
- Specific gravity: 3.37 (CS); 
2.65 (ES); 2.2 (SF); 2.61 
(QP)  
- Particle size: 0.09-2 mm 
(ES); 5-25 µm; 0.16 mm 
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optimized mix. Regarding the latter mix 
design, they prepared two mixes with the 
same proportion of cement, silica fume 
(SF), quartz powder (QP), and Ennore 
sand (ES)/copper slag with or without 
steel fibres. C1 = copper slag without 
fibres, CF = copper slag with fibres, E1 = 
Ennore sand without fibres, and EF = 
Ennore sand with fibres. The highest 
strength was obtained for UHPC with 
Ennore sand + fibres (191 MPa) and for 
UHPC with copper slag + fibres strength 
was 162 MPa as seen in Figure 2.15. 
(diameter) and 13 mm 
length 
- Fineness modulus: 3.43 
(CS) 
- Water absorption: 0.3-0.4% 
The decrease in strength is noticed when 
copper slag is used as sand replacement in 
UHPC. This finding is due to the high free 
water presence in the mixture containing 
copper slag. 
 
Table 2.5. Density, compressive strength (CS), splitting tensile strength (STS), 
absorption rate by capillary suction, absorption, and the mean depth of the carbonation 
front of the concrete mixes [59] 
 
Mix Density (kg/dm3) 
CS-C.V. 
(MPa) (%) 
STS-C.V. 
(MPa) (%) 
Absorption 
rate  
(g/cm2 h1/2) 
Absorption 
(%) 
Carbonation  
Mean thickness (mm) 
180  
days 
210  
days 
240 
days 
REF40 
REF50 
REF60 
COB20%-40 
COB20%-50 
COB20%-60 
2.52 
2.48 
2.46 
2.58 
2.54 
2.49 
38.70 (4.31) 
28.10 (2.96) 
22.00 (1.82) 
39.60 (1.54) 
34.80 (6.08) 
28.70 (3.51) 
3.90 (6.78) 
3.23 (6.44) 
2.95 (7.10) 
4.40 (4.55) 
3.80 (5.26) 
3.20 (6.25) 
5.08 
8.44 
13.30 
4.62 
7.46 
10.09 
3.98 
4.43 
5.20 
3.82 
4.23 
4.50 
0.0 
0.0 
9.0 
0.0 
0.0 
0.0 
0.0 
1.0 
17.5 
0.0 
0.0 
7.5   
0.0 
5.0 
21.0 
0.0 
1.0 
3 .5 13.5 
C.V.-Coefficient of variation (%) 
REF40 and COB20%-40, REF50 and COB20%-50, REF60 and COB20%-60 = mixes with 
water/cement ratios 0.4, 0.5, and 0.6 respectively and 20% copper slag replacement by weight 
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Figure  2.14. Comparison between the effect of different materials on the compressive 
strength of cement mortars [60] 
 
 
Figure 2.15. Compressive strength of UHPC using 70 mm cubes [68]. The mixes contain: 
C1 = copper slag without fibres, CF = copper slag with fibres, E1 = Ennore sand without 
fibres, and EF = Ennore sand with fibres 
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CHAPTER 3 
EFFECT OF SECONDARY COPPER SLAG  
AS CEMENTITIOUS MATERIAL IN  
ULTRA HIGH PERFORMANCE MORTAR 
 
Results of this chapter have been published in Edwin, R.S., De Schepper, M., Gruyaert, E., De Belie, N. 
(2016). Effect of secondary copper slag as cementitious material in ultra-high performance mortar. 
Construction and building materials, 119, 31-44. 
3.1 Introduction 
In recent years, concrete is the most widely used construction material and it is essential 
for the construction of high-rise buildings, transport networks, water and energy infrastructures. 
Green building is a fundamental part of the concept of sustainable development which can be 
applied to the infrastructure sector. Since the amount of natural resources is declining due to a 
large consumption in the cement and concrete production and the process to produce Portland 
cement needs about 4000 MJ/t especially for the grinding and calcination of raw materials [1] 
and also causes air pollution due to discharge of carbon dioxide emission, there is a motivation 
for using by-products which enhance the performance of the materials and which are 
competitive both from an environmental and an economic point of view. By-products generated 
by the mining industry can be problematic with regards to the environment, since these 
materials need large areas for storage and there is a need to protect the environment from the 
danger of heavy metal. However, the availability of the landfill disposal of slag is not sufficient. 
It would thus be good to exploit these by-products in the cement and concrete production [2].  
Copper slag is a by-product, besides mill tailing, produced in the smelting process. When 
finely ground copper flows through a flash furnace, air and oxygen is injected to be reacted 
with some of the iron and sulfur to yield appropriate heat. This process generates the liquefied 
mass which is matte (copper and iron sulfides) and slag, containing pozzolanic components 
such as Al2O3, CaO, Fe2O3 and SiO2 [3]. Every year, about 24.6 million tons of copper slag are 
produced by copper industry throughout the world [4]. In Europe, approximately 5.56 million 
tons of copper slag are generated by the European copper industry [4, 5], and in Belgium, about 
132,240 tons of secondary copper slag are produced in the recycling plant annually [6, 7]. The 
secondary copper slag then contains elements and heavy metals which cannot be reprocessed 
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any further and needs a large landfill for storing the slag [7]. This secondary slag can be used 
as a raw material for both the cement and concrete industry without loss of quality [8-10]. 
Within the cement and concrete industry, copper slag can be used as cementitious material or 
sand replacement. Looking into literature, Tixier et al. [10] and Mobasher et al. [11] 
investigated the effect of copper slag on the hydration of cement based materials. They replaced 
the cement with copper slag up to 15% by weight and added up to 1.5% of hydrated lime as an 
activator to accelerate the pozzolanic reactions. The highest compressive strength was achieved 
for 15% copper slag at 90 days of curing, which increased 48% in strength compared to control. 
They also concluded that the compressive strength of mortar cube with 15% copper slag + 1.5% 
lime as activator  increased 100% from 30 MPa at 28 days to 61 MPa at 90 days. The effect of 
copper slag as cementitious material on the strength of concrete was studied by Al-Jabri et al. 
[12]. Results indicated that the increase of copper slag content and cement by-pass dust as 
activator caused a reduction in the strength of mortar compared to the reference mixture 
containing 100% OPC. Furthermore, the mortar mixture containing 95% cement + 5% cement 
by-pass dust (CBPD) was the highest in strength. Al-Jabri et al. [13] continued to evaluate the 
mechanical properties of concrete containing copper slag and cement by-past dust as an 
activator. Their conclusion is that the strength of concrete (cube 100 x 100 x 100 mm) 
containing 5% copper slag + 95% OPC was comparable to the reference mixture. Moreover, 
the use of copper slag as cementitious material and CBPD as activator did not further promote 
the concrete strength. 
Arino et al. [14] investigated the response of concrete and mortar using ground copper 
slag under compression with axial and circumferential strain and fracture test. The compressive 
strength tests were conducted on 76 x 152-mm cylinders under closed-loop control. They 
concluded that concrete with ground copper slag up to 15% as a cement replacement tends to 
be stronger but more brittle compared to the reference. The potential use of copper slag as 
cementitious material in cement and mortar was also studied by Moura et al. [9]. In this study, 
copper slag was used in percentages of 0% and 20% for three water-to-cement ratios (i.e. 0.4, 
0.5, and 0.6). Results showed that there was a slight increase in the compressive strength of 
concrete (cylinder 100 mm x 200 mm) with copper slag for all water-to-binder ratios in 
comparison with the reference at 28 days of curing. This phenomenon was caused by an 
increasing amount of calcium silicate hydrates formed by the pozzolanic compounds from 
copper slag and calcium hydroxide produced during the cement hydration process, and a 
decreasing porosity of the cement matrix due to the finer copper slag. On the other hand, the 
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latter was not the case for the copper slag used in De Schepper et al. [15] (Figure 3.1). In this 
study replacement levels up to 60 wt% in steps of 10 wt% were tested and the contribution of 
the ground copper slag to the hydration degree of the cement paste was found negligible. De 
Rojas et al. [16] investigated the use of recycled copper slag as cementitious material for mortar. 
The flexural and compressive strength of mortar were determined on prims with the size of 40 
x 40 x 160 mm. Their conclusion is that using 30% copper slag substitution decreases the 
compressive strength and flexural strength of mortar. They also found that the cumulative heat 
of hydration of paste containing 30% copper slag replacement determined by semi-adiabatic 
method was lower than that of the control mixture. Zain et al. [17] also evaluated the use of 
copper slag in mortar with regard to the compressive strength and stabilization/solidification of 
heavy metal in slag. In this study the copper slag was ground to obtain the same fineness as 
OPC, which is 15% - 20% retained on the 45µm sieve. They replaced the OPC with copper slag 
up to 10% by weight in steps of 2.5 wt.%. They concluded that the compressive strength of 
mortar (cube 50 x 50 x 50 mm) decreased with an increase in copper slag content for all curing 
ages compared to control. 
In another research project, the effect of copper slag, used as a fine aggregate, on the 
strength of high performance concrete has been investigated [8, 18]. The sand  was replaced 
with copper slag up to 100 wt%. The compressive strength of concrete was evaluated on cubes 
with the size of 150 x 150 x 150 mm. The conclusion was that the highest compressive strength 
was achieved for the mixes with up to 40 – 50% copper slag. This strength was comparable to 
that of the reference mixture. Furthermore, a positive result of copper slag used as fine aggregate 
replacement was seen by Al-Jabri et al. [19]. In this study, they used 150 x 150 x 150 mm cubes 
to evaluate the compressive strength and concluded that the strength and durability of high 
strength concrete can be improved with the increase of copper slag content in the concrete 
mixture when applying constant workability as for the control mixture [19]. Furthermore, Wu 
et al. [20, 21] investigated the possible use of copper slag as fine aggregate on the mechanical 
properties of high strength concrete and reinforced concrete under vibration load. They 
concluded that the strength of concrete (cube 150 x 150 x 150 mm) using less than 40% copper 
slag was comparable or better than the reference, and the dynamic response of reinforced 
concrete (cylinder ∅ 50  x 30 mm) was generally increased when using up to 20% copper slag 
as sand replacement in comparison with the reference. In addition to fine aggregate 
replacement, copper slag can also be used as a coarse aggregate substitution in high 
performance concrete [22]. In this research, they replaced 100% limestone as coarse aggregate 
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with copper slag. To determine the mechanical strength of concrete, cylinders were cast with 
the size of 102 mm diameter and 204 mm height. They concluded that the mechanical properties 
of copper slag concretes were higher than those of the limestone concretes, probably promoted 
by the physical properties of copper slag which created a higher bonding between copper slag 
aggregate and cement paste. Ambily et al. [23] investigated the use of copper slag as fine 
aggregate replacement for ultra-high performance concrete. They concluded that there is a 
potential for the use of copper slag in UHPC production. 
In the current research the effect of secondary copper slag as supplementary cementitious 
material in ultra-high performance mortar (UHPM) is evaluated. The effect of copper slag on  
the heat production of pastes and the pozzolanic activity of copper slag were studied. 
 
 
Figure 3.1: Particle size distribution by laser diffraction of the quickly cooled granulated 
copper slag milled by a planetary ball mill (mQCS) and cement (CEM I 52.5 N) used in 
De Schepper et al.[15] 
 
3.2 Materials  
3.2.1 Copper slag 
The copper slag (CS) used in this research was a secondary slag from a Belgian recycling 
plant. This slag was produced by using primary slag  from Cu  such as old copper tubes, wires, 
scraps, cables, alloy coins, plated coins and Cu-Fe (shredded) armatures as raw materials to 
generate copper blister, copper anodes, and copper cathodes for industry and market. The 
secondary slag was classified as a quickly cooled granulated copper slag (QCS) and a slowly 
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cooled broken copper slag (SCS). The chemical composition of secondary slag is given in Table 
3.1. 
Table 3.1. Chemical composition of the applied binders determined by XRF analysis [wt%] 
Material QCS SCS Cement Silica fume 
CaO 
SiO2 
Al2O3 
Fe2O3 
MgO 
Na2O 
K2O 
SO3 
P2O5 
TiO2 
ZnO 
MnO 
Cr2O3 
CuO 
Pb 
7.1 
25.9 
5.9 
45.5 
0.8 
0.8 
0.2 
0.4 
0.8 
0.3 
8.8 
0.7 
0.7 
0.4 
0.4 
5.2 
29.3 
3.2 
50.7 
0.5 
2.0 
n/a 
0.2 
0.4 
0.1 
5.4 
0.4 
0.4 
n/a 
n/a 
63.7 
21.5 
3.6 
5.2 
0.8 
0.2 
0.6 
3.0 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.6 
94.2 
1.0 
0.5 
0.7 
1.0 
1.1 
0.3 
0.1 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
 
3.2.2 Cement and silica fume 
As cement, a CEM I 52.5 N HSR/LA (low C3A) was used throughout all experiments. 
According to Dils et al. [24] the cement with high content of C3A gives lower compressive 
strength of concrete. Besides copper slag and cement, an undensified silica fume (SF) (type 
940U, Elkem) was added into the mixture as SCM to generate ultra-high performance mortar. 
Both QCS and SCS used in this study provided an ingredient which can induce pozzolanic 
activity of 78.5% and 85.2% based on the (CaO+SiO2+Fe2O3) content. Hence they meet the 
specifications of the standard ASTM 618 C-92a [25] for natural pozzolan as mineral additive 
in Portland cement concrete.  
 
3.2.3 Superplasticizer and Quartz sand 
To obtain the desired workability, a polycarboxylate ether based superplasticizer (SPL) 
with long lateral  chain (Glenium 51, 35 wt%) was used. For all mortar mixtures, a quartz sand 
(type M31, Sibelco) with a d50 of 0.31 mm was used. 
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3.3 Experimental design 
3.3.1 Grinding methods 
Before using the copper slag as SCM, both QCS and SCS were intensively ground using 
a planetary ball mill. A short duration milling (3 times during 4 minutes at 300 rpm) (SCS I; 
QCS I) and long duration milling (5 times during 12 minutes at 300 rpm) (SCS II; QCS II) were 
chosen in order to obtain two levels of fineness to assess the effect of fineness on the reactivity 
of the copper slag.   
The particle size distribution (PSD) of copper slag, cement and silica fume obtained by 
laser diffraction is given in Figure 3.2. To disperse the materials, isopropanol (isopropyl alcohol 
≥ 98%) was used since this does not react with both copper slag and silica fume. To avoid 
agglomeration, both the copper slag (5 min) and silica fume (15 min) were put in a sonication 
bath before the measurement. An overview of the parameters used to determine the PSD of the 
SCMs by laser diffraction can be found in Table 3.2.  
By comparing the results obtained for the d50 of copper slag (Table 3.3), the samples 
ground for the longer time (SCS II and QCS II) achieved very fine grain sizes, with d50 of 16.19 
µm and 37.72 µm respectively, whereas, the shorter ground copper slag (SCS I and QCS I) has 
a d50 of 33.11 µm and 143.08 µm respectively. 
In addition to the PSD by laser diffraction, the fineness of the binders was evaluated by 
their specific surface area (SSA) using the Blaine air permeability test according to EN 196-6 
[26]. To start, the pycnometer method was used to measure the density of all binders. Both the 
density and SSA of the binders are presented in Table 3.3. 
 
Table 3.2.  Overview of the parameters applied to determine the PSD of the different 
SCMs by laser diffraction 
Optical parameters Copper slag Silica fume Cement I 52.5 N HSR/LA 
Refractive index (-) 
Absorption coefficient (-) 
Obscuration (%) 
Stirrer rate (rpm) 
Dispersant RI (-) 
Sonication times (minutes) 
1.731 
0.055 
10 - 20 
1700 
1.390 
5 
1.530 
0.001 
10 - 20 
2000 
1.330 
20 
1.731 
0.003 
5 - 10 
1500 
1.390 
5 
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Table 3.3 Density, SSA, and d50 of the different binders 
Materials  SCS I SCS II QCS I QCS II CEM I SF 
Density (g/cm3) 4.066 3.976 3.765 3.761 3.152 2.017 
SSA (cm2/g) : 
Blaine permeability 
Laser diffraction 
Particle size d50 (µm) 
 
1503 
1530 
33.11 
 
3155 
3170 
16.19 
 
- 
577 
143.08 
 
2533 
2610 
37.72 
 
4955 
5390 
11.91 
 
- 
80200 
0.41 
 
 
 
Figure 3.2 : Particle size distribution of binders 
 
3.3.2 Mix design and mixing procedure 
In this study, copper slag was used as cement replacement. The mortars were made with 
copper slag contents varying between 0 and 20 wt% in steps of 5 wt%. A very low water-to-
binder ratio (w/b = 0.15) was chosen in order to produce ultra high performance mortar 
(UHPM). Table 3.4 depicts the mortar compositions used in this research.  
In the mixing process of UHPC, more energy is needed to get the desired workability and 
homogeneity of the mixture, which is considered in both the mixing time and speed of the 
mixer. A mixer with two speeds (140; 285 rpm) was used. Due to the less powerful mixer a 
longer mixing time was chosen to mix the ultra-high performance mortar with a low water-to-
binder ratio. This method assumed that the same mixing energy can be obtained when applying 
a powerful mixer with a shorter mixing time. The flowability was measured for all mixtures 
using the flow table test according to EN 1015-3 [27] before placing the mortar into the mould 
with the dimensions of 40 mm × 40 mm × 160 mm. The mixing procedure of UHPM is 
visualized in Figure 3.3.  
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Table 3.4. The UHPM mixtures with copper slag 
Material  Control 5% CS 10% CS 15% CS 20% CS 
CEM I 52.5 N HSR 
Copper slag 
Silica fume (940 U) 
Sand M31 
Glenium 51 35% solid 
Water 
(g) 
(g) 
(g) 
(g) 
(g) 
(g) 
875 
0 
218.8 
962.5 
40 
163.9 
831.3 
43.8 
218.8 
962.5 
40 
163.9 
787.5 
87.5 
218.8 
962.5 
40 
163.9 
743.8 
131.3 
218.8 
962.5 
40 
163.9 
700 
175 
218.8 
962.5 
40 
163.9 
 
 
 
Figure 3.3 : Mixing procedure 
 
3.3.3 Compressive strength test 
After curing in a room at relative humidity of 95 ± 5% and temperature of 20 ± 2 oC, the 
prisms (40 x 40 x 160 mm) were tested to evaluate the compressive strength according to EN 
196-1 [28] at the age of 7, 28, 56 and 90 days. The compressive strength machine was set at a 
loading speed of 1.5 N/mm2/s. 
3.3.4 Isothermal Calorimetry 
Isothermal calorimetry (TAM AIR - TA Instruments) was carried out at 20°C on cement 
pastes that were mixed manually using a small container. After 4 minutes of dry mixing, the 
water and Glenium 51 were added and mixing continued for another 2 minutes. Afterwards, 
around 14 g of paste was injected into an ampoule using a modified syringe. The water-to-
binder ratio of the cement pastes was 0.214. The main reason of the different water-to-binder 
ratio between mortar and paste in this research was that a cement paste with w/b of 0.15 cannot 
be mixed manually to obtain a homogeneous mixture. Moreover, the superplasticizer used in 
this research was a Glenium 51 with a solid content of 35% to adjust the consistency of the 
paste mixture to the one of the mortar mixture. Similar to the mortars, the cement pastes were 
made with an increasing copper slag content to replace the Portland cement from 0 wt% to 20 
wt% in steps of 5 wt%. More details about the paste composition are given in Table 3.5.  
Cement 
+ CS + 
SF 
(1')
Sand
(1')
Water 
+ SPL 
(1'30")
Full 
speed
(4')
Manual 
mixing 
(1')
Full 
speed
(1') 
Normal 
speed 
(2')
140 rpm 285 rpm 140 rpm 
  
39 
Chapter 3  
Table 3.5. Paste  composition 
Material  Control 5% CS 10% CS 15% CS 20% CS 
CEM I 52.5 N HSR 
Copper slag 
Silica fume (940U) 
Glenium 51 35% solid 
Water 
(g) 
(g) 
(g) 
(g) 
(g) 
25 
0 
6.25 
1.14 
6.69 
23.75 
1.25 
6.25 
1.14 
6.69 
22.50 
2.50 
6.25 
1.14 
6.69 
21.25 
3.75 
6.25 
1.14 
6.69 
20 
5 
6.25 
1.14 
6.69 
 
3.3.5 Chapelle test 
To evaluate the pozzolanic activity of copper slag, the Chapelle test was performed 
according to [29] which was modified in the reactant amounts, the reaction temperature and test 
setup [30, 31]. In this test, 1 g of pozzolan and 1 g of CaO were inserted into an Erlenmeyer. In 
order to obtain decarbonized water, 250 ml of distilled water was boiled in a heater to remove 
the CO2. This water was added to the dry materials and the agitation system was started using 
a magnetic stirrer to create a circular motion in order to obtain a homogeneous material after 
mixing. During agitation, the material was heated at constant temperature (90 °C) during 16 
hours to facilitate the reaction of the solid particles and the liquid. The correct values are only 
obtained if there was no evaporation throughout the heating process. A smooth condenser 
column with circulating water was installed to create a cooling system to prevent evaporation. 
A reference mixture was prepared by mixing 1 g of CaO and 250 ml of distilled and 
decarbonized water and the procedure applied was the same as mentioned above. After cooling 
at room temperature, both solutions were mixed with 60 g of sucrose and shaken for about 15 
min using a magnetic stirrer in order to extract non reacted calcium hydroxide. After filtering, 
the solution was titrated using 0.1M HCl with phenolphthalein as indicator.  
 
3.3.6 Frattini test  
The pozzolanic activity of supplementary cementitious material can be assessed using the 
Frattini test based on [32]. A sample of 20 grams was prepared consisting of CEM I and copper 
slag and mixed with 100 ml of distilled and decarbonized water in a polyethylene container. 
Similar to the mortars and pastes, used respectively for compressive strength tests and 
isothermal calorimetry, the compositions used in this test were made with an increasing copper 
slag content from 0 wt% to 20 wt% in steps of 5 wt%. After preparation, the samples in sealed 
polyethylene containers were heated in an oven at (40 ± 1) °C  for 8 days and 15 days. After the 
first period of 8 days, the samples were removed from the oven and then filtrated using double 
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filter paper with pore diameter of 2 µm in less than 30 seconds to prevent the contamination 
with carbon dioxide [32]. Afterwards, the filtered solution was first titrated with 0.1 M 
hydrochloric acid using methyl orange indicator to determine the hydroxyl ion concentration as 
first step. After adapting the pH of the solution until 12.5, a second titration was performed  
with  0.03 M EDTA solution using Patton and Reeders indicator to find out the calcium oxide 
concentration. The concentration of OH- (mmol/l) and CaO (mmol/l)  are calculated using the 
two expressions as shown in Eq. 3.1 and Eq. 3.2.  
 
 = ×.×× = 2 ×  × 	                (3.1) 
  = ×.×!×" = 0,6 ×  ×          (3.2)        
  
where V3 (in millilitres) is the volume of 0.1 mol/l HCl used for titration, f2 is the factor 
depending on the standardization of the 0.1 mol/l HCL solution, V4 (in millilitres) is the volume 
of 0.03 mol/l EDTA solution used for titration, f1 is the factor depending on the standardization 
of the 0.03 mol/l EDTA solution.  
To assess the pozzolanic reaction degree of copper slag, titration results are plotted in a 
graph of hydroxyl ion [OH-] on the x-axis and calcium ion [Ca++] on the y-axis. The results 
indicate pozzolanic activity when they are beneath the lime saturation curve. However, when 
the plotted data are located on or above the lime saturation curve, we can conclude that there is 
no pozzolanic activity [33]. This procedure assumes that the only source of soluble calcium in 
the system i the materials used, as leaching of Ca++ would invalidate this approach [33]. 
 
3.3.7 Strength activity index (SAI) 
In this study, the pozzolanic activity of copper slag was assessed using the results of 
compressive strength on mortars prisms of 40 mm × 40 mm × 160 mm. The mix compositions 
of both control UHPM and UHPM with copper slag were based on Table 3.4. After mixing, the 
fresh mortar was placed in the mould and kept in the curing room at a temperature of 20 ± 2 oC 
and relative humidity of 95 ± 5%. The specimens were demoulded after 48 hours due to a delay 
in hydration caused by the high dosage of the superplasticizer Glenium 51 used in the mixture. 
The specimens were stored again in the curing room aforementioned until the time of test. In 
order to assess the pozzolanic activity of the mortar, the compressive strength was determined 
as explained in section 3.3.3 (according to [28]) at the age of 7, 28, 56 and 90 days) and  data 
were used to calculate the strength activity index using equation 3.3 [33, 34] : 
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&' = () *	100          (3.3) 
A is the compressive strength of  UHPM containing OPC, copper slag and silica fume as binder 
(MPa) and B is the compressive strength of the reference (UHPM containing  OPC and silica 
fume as binder).  If the strength loss is proportionally lower than the replacement percentage 
this would point at pozzolanic activity. 
 
3.3.8 Statistical analysis 
Experimental data were analyzed using SPSS Statistics software. Analysis of variance 
(ANOVA) was used to assess the effect of copper slag replacement in UHPM. The post-hoc 
Tukey HSD (Honestly significant difference) and Dunnett’s T3 method were applied when 
homogeneity of variances is respectively assumed or not assumed. A significance level of 5% 
was chosen in this study. 
 
3.4 Results and discussion 
3.4.1 Workability and compressive strength  
The flowability test of UHPM is shown in Figure 3.4. It is seen that the increase in copper 
slag content in UHPM also enhanced the workability of the fresh mortar. Copper slag is not a 
good material in absorbing water. When it is used as one of the component UHPM materials, it 
may trap excessive water in concrete. In the end, this may cause bleeding if a high proportion 
copper slag material is used [35]. This is a reason for the increase in the workability of the 
UHPM with copper slag. The result of water absorption of copper slag used in this study (QCS) 
is presented in Figure 5.2 in chapter 5.  
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Figure 3.4. Flow test of UHPM (error bars represent standard errors) 
 
Figure 3.5 describes the effect of copper slag replacement on the compressive strength of 
mortars at 7, 28, 56 and 90 days. In general, the strength of UHPM at 7 days increases with 
rising copper slag substitution in the mortar mixture. Nevertheless, the strength increase for 
UHPM with copper slag between 7 and 90 days was lower than for the reference mortar. This 
resulted in a strength at 90 days, which was similar or (slightly) lower for the UHPM with 
copper slag than for the reference UHPM. The compressive strength of mortar for nearly all 
mixtures achieved more than 140 MPa at 90 days of curing. The highest compressive strength 
(167 MPa) was achieved for 20% copper slag (SCS II) with a SSA of 3155 cm2/g (ground 5 
times during 12 minutes at 300 rpm) at 90 days of curing, however, this value is not significantly 
different from the strength of the control mixture (Figure 3.5).  
Looking into the literature, the small effect of copper slag as cementitious material in this 
research on the mortar strength was similar as for the copper slag used in De Schepper et al. 
[15] especially for 20wt% mQCS (QCS which was milled 3 times during 4 min at 300 rpm in 
a planetary ball mill). There, the strength development of mixes with slag was also faster at 
early age but lower than the reference mixture at later ages (> 7 days). Moura et al. [9] found a 
positive effect of using copper slag on compressive strength. The copper slag used in their study 
had a fineness comparable to cement. This was not the case for the copper slag used in this 
study.  
However, a positive effect on the compressive strength of UHPM was achieved by 
increasing the fineness of SCS as shown in Figure 3.6(a). It can be observed that a strength 
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increase of UHPM with SCS II was obtained by finer grinding of the copper slag for nearly all 
mixtures, except for 5% copper slag at 7 days of curing. From this result, it can be noticed that 
the SCS with higher SSA is more effective for strength enhancement compared to SCS with 
lower SSA. This achievement is not reached for the UHPM with QCS. It can be seen from 
Figure 3.6(b) that the increasing QCS fineness has no significant effect on strength development 
of UHPM. It can be said that a longer grinding time for QCS does not contribute to enhance the 
compressive strength.  
   
  
Figure 3.5 : Mortar compressive strength results of different copper slag types (error 
bars represent standard errors, the average values represent three replicates, The 
uppercase superscript indicates the clusters for which the mean values do not differ 
significantly); The clusters are used to report the result of the statistical test for 
significant differences based on strength at a certain age (A, B, C for 7 days; D, E, F for 
28 days; G, H, I for 56 days; J, K, L for 90 days) 
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Figure 3.6 : The change in strength development of UHPM by increasing the fineness of 
the copper slag: (a) SCS I vs. SCS II, (b) QCS I vs. QCS II 
 
 
3.4.2 Isothermal Calorimetry 
Figure 3.7 shows the process of the heat production in function of time for all mixes. In 
order to estimate the contribution of copper slag to the heat production, the heat production rate 
is calculated per 1 g of binder (cement + silica fume) as shown in Figure 3.7. It is clear that the 
second peak starts after about 40 hours, which is relatively late. Using glenium 51 in high 
dosage postpones the hydration. This superplasticizer, being a carboxylic ether polymer with 
long lateral chains, disperses the cement particles delaying the hydration process for UHPM. 
Nonetheless, the amount of superplasticizer cannot be reduced, since it is needed to get the 
desired workability due to the low water-to-binder ratio. 
The maximum value of the heat production rate during the second peak decreases with 
increasing copper slag replacement. Moreover, higher copper slag substitutions tend to delay 
the hydration. With the finer QCS II and SCS II the reaction starts sooner and the maximum 
heat production rate is higher for the 5% mixes. The ZnO content of copper slag used in this 
research is 8.8 wt.% (QCS) and 5.4 wt.% (SCS) (Table 1). These numbers are in accordance 
with the findings of Zain et al. [17], Stephan et al. [36] and Tashiro et al. [37] who found a 
delaying effect on cement paste hydration in the early stage. Zain et al. [17] concluded that ZnO 
plays a role in the delay of the setting time and hydration process of the cement paste containing 
copper slag. In Stephan et al. [36] a retardation effect appears when a higher concentration of 
Zn (2.5 and 5.0 wt.%) was added. Tashiro et al. [37] concluded that the hydration of cement 
paste in the early stage was retarded in presence of 5% of heavy metal compounds (Zn, Pb, Cu).  
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The cumulative heat production (Q) is shown in Figure 3.8. The cumulative heat 
production is normalized by 1 g of cement + silica fume to assess the contribution of copper 
slag to the heat production. Three phases in the total heat production (Figure 3.8) can be 
considered : (1) in the first phase up to 48 hours of hydration, the retardation effect occurs for 
all mixtures, (Q < 20 J/g, except for 5% QCS II). This result does not correspond with the results 
of De Schepper et al. [15], where Q was more than 75 J/g for all mixes before 48 hours. The 
result obtained here was caused by the addition of superplasticizer in high dosage and the use 
of cement with low C3A, which was not used by De Schepper et al. [15]. In this phase, high 
dosage of superplasticizer and cement with low C3A postponed thus the total heat production 
of paste. The Glenium 51 with the long lateral chains disperses the particles by an electrical 
repulsion mechanism to obtain a longer slump life. Besides this, cement with low C3A does not 
further promote the acceleration of binder reaction in early days in the hydration process. 
Moreover, the presence of Zn in copper slag delayed the cement hydration and reduced the 
early compressive strength [17, 36, 37]. The retardation effect during the early hydration of 
cement paste is probably caused by the compound Ca(Zn(OH)3)2·2H2O, as a hydration product 
containing Zn, identified by Stephan et al. [36] and Lieber [38]; (2) The second phase starts 
from 48 hours to 96 hours. In this phase, the total heat production of paste containing 5 % 
copper slag was more than reference. This achievement also occurred for QCS I 15% and SCS 
I 10%. It can be observed that the highest total heat production was obtained for QCS II 5%, 
which produced about 157 J per g (cement + silica fume). In this phase, the paste without copper 
slag, containing more cement with low C3A content, does not show a higher binder reaction. A 
small amount of copper slag can act as a filler and enhance heterogeneous nucleation of cement 
hydration products. Larger replacement levels rather delay the hydration reactions. Therefore, 
in this study, an increase of the copper slag amount above 5%, did not further promote the 
increase of total heat production of the paste. It is worth mentioning that, due to the effect of a 
large amount of Zn in paste, the large amount of the compound Ca(Zn(OH)3)2·2H2O plays a 
role to slow down the total heat released; (3) The third phase of the total heat production starts 
after 96 hours. In this phase, the total heat released by the pastes containing copper slag is higher 
or comparable with that of the reference except for QCS I 10%, as seen in Figure 3.9. The 
hydration product of cement with low C3A tends to slow down the cumulative heat production 
at early days  (phase I + phase II + phase III) for the reference mixture in this research. After 
the end of phase II, the binder reactions of this mixture are slower and less C-S-H gel is 
produced compared to paste with copper slag. The cumulative heat production of paste 
containing copper slag is higher than that of reference in this phase due to the increase of the 
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amount of water in the cement paste, as a result of cement being replaced by copper slag, which 
helps to speed up the hydration process. This achievement corresponds well to the strength of 
mortar containing copper slag at 7 days, which is higher or comparable in compressive strength 
compared to the reference mixture.  
Based on the results obtained in this study, it can be noticed that the contribution of copper 
slag to the hydration heat per gram (cement + silica fume) is negligible since the total heat 
production is determined by the availability of water in a certain amount during the hydration 
process. 
In the binder system, the effect of supplementary cementitious material on the cement 
hydration can be categorized in four main effects, which are the chemical effect, physical effect 
(superplasticizer), filler effect, and dilution effect. The addition of superplasticizers influences 
physical properties such as viscosity and yield stress of the paste [39]. The presence of 
incompatible dosage cement-superplasticizer obtained poor flow behavior, early slump loss, 
and strong retardation [40-42]. According to [43] the acceleration of reactions in cementitious 
materials is generated by a combination of factors: (1) the filler fineness, (2) interfacial 
properties, and (3) ion sorption/exchange effects. The increased SSA of SCMs has a significant 
acceleration effect on the hydration of the clinker [44, 45]. The replacement of cement by 
weight or volume of an SCM  at the same water-to-binder ratio indicates dilution effect. This 
effect is noticed by [46] on their study. They found that  the hydration of cement is decreased 
when fly ash is present in the paste mix. In the current study,  the chemical effect was already 
explained above. The other three  effects are discussed below: 
(1) Physical effect: Based on the results explained in Figure 3.7 and 3.8, it clear that the 
second peak starts after 48 hours. This is due to the high dosage of superplasticizer used 
in this study, which is 3.65% by weight of binders. This can be seen in Figure 3.7, the 
heat production rate of all cement paste at 48 hours is still lower than 1 J/gh (cement + 
SF) except for 5% QCS I and SCS II and 15% QCS I.  The superplasticizer Glenium 51 
has one side chain which prolongs the setting time. The superplasticizer molecules may 
adsorb on the C3A and C4AF [39]. In this study, only one type of cement with low 
content of C3A was used for all mixtures. The presence of superplasticizer in high 
dosage retards C3S hydration. The hydration of C3S depends on the cement content. It 
means that a decrease in cement content due to a replacement by SCM will also decrease 
the amount of C3S. This can be seen in the interaction between superplasticizer and 
cement hydration as shown in Figure 3.7. It can be observed that the retardation of 
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cement hydration is longer for cement paste containing lower amount of clinker except 
for 5% SCS I, SCS II, QCS II, and 10% QCS I. The later finding may be explained by 
another effect.  
(2) Filler effect:  As mentioned above, the increased fineness of copper slag increased the 
compressive strength of concrete. Also the cumulative heat production increased with 
increasing SSA of copper slag. This can be observed in Figure 3.9. Due to the higher 
SSA of the slag, the slag may act as nucleation sites for hydrates. However, the fineness 
of copper slag is not comparable to cement, so that the contribution of heterogeneous 
nucleation is probably limited. 
(3) Dilution effect: As mentioned in Figure 3.7, in general the second hydration peaks of 
the cement paste decreased and appeared slightly later with increasing copper slag 
content. This is due to the dilution of the clinker content in the cement paste. Since the 
hydration of cement paste at early age depends mainly on the C3S, the decreased clinker 
content also decreased the amount of C3S and its hydration products. The maximum 
heat production rates were about 4 J/(g.h) for cement paste containing copper slag, 
whereas the second hydration peaks occurred between 72 and 96 hours, for 10% QCS I 
it occurred between 96 and  120 hours. The dilution effect of cement hydration can be 
observed at Figure 3.8. At the phase of 72 hours, the cumulative heat production of 
cement paste containing 10% and 15% QCS I is lower than for reference mixture. For 
the QCS II, the cumulative heat production of cement paste containing higher amount 
of copper slag (10%, 15% and 20%) is lower than for reference mixture. For SCS, the 
dilution effect is noticed for 15% and 20% SCS I and 10%, 15%, and 20% SCS II.  
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Figure 3.7 : Influence of copper slag addition on the cement hydration : (a) QCS I, 
(b) QCS II, (c) SCS I, (d) SCS II 
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Figure 3.8: Total heat production for pastes with copper slag : (a) QCS I, 
(b) QCS II, (c) SCS I, (d) SCS II 
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Figure 3.9. Cumulative heat production of the pastes at 168 hours, averaged over the 
different CS replacement levels  
 
 
3.4.3 Chapelle test 
The results of Chapelle test are shown in Figure 3.10. In this study, the result of the 
reference indicated that a significant amount of portlandite had reacted although the system was 
built to avoid carbonation. Based on the amount of portlandite carbonated in the reference 
system, a formula is used to correct the results of the mixes with copper slag [47] :  
-.// =
01234201567
01801567
            (3.4) 
where  
CHcorr is the corrected consumed calcium hydroxide. 
CHcalc is the calculated consumed calcium hydroxide. 
CHref is the consumed calcium hydroxide for the reference. 
CHi is initial calcium hydroxide. 
 
Looking into the literature, the amount of portlandite consumed by copper slag in this 
research was lower than for the three pozzolanic materials (metakaolin, fly ash and natural 
pozzolans) used in Snellings et al. [47]. This is mainly due to the different chemical composition 
of the SCMs used by the author and Snellings et al. [47]. The chemical reaction rate to form C-
S-H gel is determined by the calcium and siliceous content in SCMs. The calcium-poor and 
siliceous-rich fractions of pozzolans (metakaolin, fly ash, and natural pozzolans) rapidly 
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consume large amounts of portlandite. Conversely, the calcium-poor and siliceous-moderate 
secondary copper slag used by the author tends to consume less portlandite. 
Comparing with the results presented in [47], the copper slag has low pozzolanic activity, 
which gives an explanation for the obtained compressive strength in Figure 3.5 and lower 
hydration heats in Figure 3.7 and 3.8.  However, comparing different fineness for the same type 
of copper slag in this test, the finer copper slag used in this study has consumed more CaO 
compared to the coarser ones. It is worth mentioning that, increasing the specific surface of this 
material rises the pozzolanic activity [16].  
 
Figure 3.10. Amount of CaO consumed by 1 g of different types of copper slag 
 
3.4.4 Frattini test 
Figure 3.11 shows the results obtained from the Frattini test. It is clear from the graph 
that the plotted data for 8 days treatment were lying on or above the lime saturation isotherm, 
indicating that there is no reactivity. For longer curing periods (i.e. 15 days at 40 °C), all of the 
plotted data are located underneath the saturation curve of lime, indicating some pozzolanic 
activity. 
The rate of pozzolanic reaction at 40 °C was calculated by determining the consumption 
of the Ca++ ion at a second titration using Patton and Reeders (Table 3.6) [32]. It is clear from 
the table that the highest rate of the pozzolanic activity was achieved for SCS II 20%, which 
consumed 20% of the Ca++ ions at 15 days of curing. In general all types of copper slag with 
different proportions showed pozzolanic reactivity at 15 days. Moreover, the Ca++ ion 
consumption by the finer copper slag is more than for the coarser ones. For this situation, this 
result corresponds to the strength results of UHPM using copper slag with different fineness, in 
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which for a same type of copper slag, increasing specific surface area of copper slag is more 
effective for strength enhancement of UHPM at 90 days as seen in Fig. 3.5. 
 
Table 3.6. The amount of consumption of Ca++ from 8 days to 15 days of curing in 
Frattini test (%) 
Copper 
slag types 
5% 10% 15% 20% 
QCS I 11.3 10.9 10.4 7.5 
QCS II 11.6 15.3 15.7 10.9 
SCS I 16.0 10.2 11.7 13.7 
SCS II 16.2 18.7 12.8 20.0 
 
 
     
Figure 3.11. Frattini test result for different copper slag types after a period of 
(a) 8 days and (b) 15 days in the uniform temperature enclosure at ± 40 oC. 
 
3.4.5 Strength activity index (SAI) 
The strength activity index of UHPM is shown in Figure 3.12. It is seen that the highest 
SAI is achieved for all mixes with copper slag at 7 days. Afterwards, the strength activity index 
of UHPM decreases dramatically at 28 days of curing and then rises steadily after an additional 
month of curing. The higher SAI at 7 days is mainly due to the filler effect of ground copper 
slag, which stimulates heterogeneous nucleation of clinker reaction. The present results indicate 
that some mixtures at 90 days may show pozzolanic activity, since it has a higher SAI as seen 
in Figure 3.13. This could be expected based on the actual clinker content.  
Assessment of the pozzolanic activity of UHPM with copper slag using the SAI method 
shows that the index of compressive strength after 7 days was not constant. This phenomenon 
shows that the rate of pozzolanic reaction at a temperature of 20 ± 2 oC was unstable after a 
phase of 7 days. Beside this, increased fineness of copper slag did not promote the pozzolanic 
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reaction of UHPM when comparing the results of QCS. When comparing the results of SAI for 
UHPM using SCS, the fineness increased the pozzolanic activity.  
Looking into the literature, Tironi et al. [34] found that the ability of calcined clay to 
consume Ca(OH)2 during the first moments of contact is correlated with the specific surface 
area. A higher short-term pozzolanic activity is obtained by finer grinding of the pozzolans [48-
50]. Rojas et al. [51] found that a sample cured at higher temperature consumed more 
portlandite compared to a sample cured at lower temperature. The previous findings 
aforementioned, correspond with the current results especially for Frattini tests, in which the 
copper slag with higher specific area consumes more Ca++ ions when curing for longer periods 
and at higher temperatures. For the same temperature (Chapelle test), the finer copper slag 
consumes more portlandite compared to the coarser ones which also confirms the previous 
findings mentioned.  
From this point it can be concluded that the rate of pozzolanic reaction depends on the 
temperature (as different temperatures were used in the different pozzolanic activity tests), the 
curing age, and the fineness of the pozzolanic material [34, 48-51].  
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Figure 3.12. Strength activity index of UHPM using difference copper slag: 
(a). QCS I, (b). QCS II, (c). SCS I, (d). SCS II 
 
 
Figure 3.13. Assessment pozzolanic activity for different copper slag types by SAI  
at a period of 90 days 
 
3.5 Conclusions 
In  this paper the use of copper slag as Supplementary Cementitious Material (SCM) in 
Ultra High Performance Mortar (UHPM) was investigated. The following conclusions can be 
drawn. 
1) The binder reactions in UHPM can be enhanced by replacement of a small part (5%) of 
Portland cement by copper slag. Larger replacement levels rather delay the hydration 
reactions. This can be due to the dilution of the clinker content in the paste, to the limited 
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pozzolanic activity of the copper slag, and to heavy metal compounds such as Zn in 
copper slag. 
2) Nevertheless, the use of finely ground slowly cooled copper slag (SCS II) in 
replacement levels of up to 20%, allows to reach similar heat production  at 7 days, as 
in a control mixture with Portland cement as only binder. The compressive strength at 
7 days is even higher for the mixtures with copper slag than for the control with OPC. 
However, due to a slower strength development after 7 days, similar or slightly lower 
strengths are obtained for mixes with up to 20% copper slag, than for the OPC reference. 
3) By increasing the fineness of the copper slag, somewhat higher compressive strengths 
can be obtained, both for quickly and slowly cooled copper slag.  
4) In these experiments, the second peak of heat production occurred about 40 hours after 
mixing for all mixtures. This delay was mainly caused by the superplasticizer used, 
being a carboxylic ether polymer with long lateral chains (Glenium 51) which generates 
cement particles dispersion and delays the hydration process for UHPM.  
5) Assessment of the pozzolanic activity using the Chapelle test indicates low-pozzolanic 
activity of secondary slag used in this research. 
6) All of types of copper slag used in this study are pozzolanic materials according to the 
Frattini test after curing 15 days at constant temperature of ± 40 °C.  
7) All of the UHPM mixtures at 90 days are considered to show low pozzolanic activity 
determined by SAI method.  
8) Comparison between the results presented determined by the Chapelle test, the Frattini 
test, and the SAI shows that the pozzolanic activity of secondary copper slag depends 
on the temperature, the curing age and the specific surface area.  
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CHAPTER 4 
INFLUENCE OF INTENSIVE VACUUM MIXING AND 
HEAT TREATMENT ON COMPRESSIVE STRENGTH 
AND MICROSTRUCTURE OF REACTIVE POWDER 
CONCRETE INCORPORATING SECONDARY 
COPPER SLAG AS SUPPLEMENTARY 
CEMENTITIOUS MATERIAL  
 
This chapter is based on the published paper:  Edwin, R.S., Gruyaert, E., De Belie, N. (2017) Influence 
of intensive vacuum mixing and heat treatment on compressive strength and microstructure of reactive 
powder concrete incorporating secondary copper slag as supplementary cementitious material. 
Construction and building materials, 155, pp. 400-412. 
 
4.1 Introduction 
Since the 1990s, Reactive Powder Concrete (RPC) has been developed as an alternative 
construction material to compete with steel structures. The development of this concrete can be 
achieved by applying the basic principles of RPC, as explained by Richard and Cheyrezy [1]. 
In the RPC compositions, active powders dominate as the main constituents to obtain a 
relatively dense and homogenous microstructure, which can increase the compressive strength 
to values exceeding 200 MPa [2, 3]. The formation of CSH gel is determined by the hydration 
process of cement and active powders. However, the high amounts of cement for RPC (800-
1000 kg/m3) have an adverse effect on the heat of hydration, which creates micro-cracks in the 
concrete and may cause shrinkage problems [4]. Besides, the production of this concrete implies 
high costs. Therefore, replacement of part of the cement with supplementary cementitious 
materials (SCM) is the key to solve these problems [5, 6]. This can be proven by the findings 
of  Wang and Zhi [7] who found that SCM (fly ash and slag) can reduce the risk of thermal 
cracking of concrete. In addition, Bouasker et al. [8] also found that replacing the cement with 
SCM (blast furnace slag and limestone filler) tends to delay the cracking of pastes. Furthermore, 
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Portland cement as an ingredient of RPC requires a huge amount of energy from fossil fuels for 
clinker burning and grinding and non-renewable resources. Moreover, the gasses from a cement 
kiln also contribute to emissions of air pollutants and pose a hazard to human health. The 
alternative way, to protect the environment and save energy in the near future, is to utilize 
recycled waste material within the cement and concrete industry.  
Because of the rise in global copper demand for the construction and manufacturing 
industry, the copper production keeps increasing. The main environmental issue associated with 
this industry is the production of copper slag as a waste material. Globally the estimated 
quantity of copper slag generated annually is 24.6 million tons [9]. In the European Union, 
about 4.6 million tons of secondary copper is produced by the primarily refined copper 
production and secondary refined production [10, 11], and it is estimated that approximately 
0.92 million tons slag are generated as a waste. In Belgium, copper cathodes are produced by 
recycling plants (Metallo-Chimique N.V., Umicore S.A., and Aurubis) (436,000 tons), which 
also generate about 132,240 tons of secondary copper slag annually [10-12].  
Secondary copper slag is a by-product obtained during recycling of end-of-life products, 
using 'old scrap' as a raw material. In the refining furnace, this raw material, and black copper 
from the melting furnace is melted and oxidized by gas and oxygen [13]. During the oxidation 
process, sand is added as a slag builder. According to Bonnina et al. [14], the low grade scrap 
(10-88% Cu) is smelted and silica is added in the smelting process. In this process air/oxygen 
is injected to generate copper matte (30-80% Cu) and slag. After this, the copper matte is 
transferred to the converting process [14].  At the end of this stage, metal containing 99% of 
Cu is generated and the slag mixture is transferred to the slag furnace for the next treatment. 
Finally, the impure copper obtained is returned to the refining furnace and the remaining slag 
as secondary slag is granulated in water. This secondary slag containing aluminum trioxide, 
calcium oxide, iron oxide (the product of iron oxidation), and silicon dioxide [15] cannot be 
recycled and needs a large area for storage, of which the availability is insufficient. Moreover, 
the impact on water quality of heavy metals and other harmful elements in this slag can be 
severe. One way to solve the problem regarding the environmental degradation is to upgrade 
this slag in concrete production. Looking into literature, copper slag was investigated by several 
researchers as fine or coarse aggregate replacement and cement replacement in high strength 
concrete (HSC) and high performance concrete (HPC) including the application for reinforced 
concrete [16-30]. In addition, there is limited literature available regarding ultra-high 
performance (UHPC). The basic principle of UHPC is to use stronger aggregates and a high 
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volume of binder to achieve a strength over 150 MPa [31]. In reactive powder concrete (RPC) 
or ultra-high performance mortar (UHPM), which is also one type of UHPC, the aggregates 
were replaced entirely by active powders (e.g. cement and SCMs) in order to obtain a very 
dense and homogeneous microstructure [32, 33]. The compressive strength of RPC or UHPM 
can even exceed 200 MPa. The use of copper slag as a sand replacement and cement 
replacement in this concrete class (UHPC and RPC or UHPM) has only been reported by Edwin 
et al. [12] (Chapter 3) and Ambily et al. [34].  
As for all materials, the microstructure of concrete is the key to its performance [35]. An 
improvement of the microstructure can be achieved by the mixing technology. In addition to 
the mixing technology, the use of reactive material and curing technology can also increase 
concrete performance. Heat curing technology has been used in concrete materials for over 
twenty years. The transformation process from amorphous C-S-H phases to crystalline C-S-H 
phases is faster when the concrete is subjected to heat curing [36]. However, heat and moisture 
curing may be responsible for increasing the porosity in the cement paste [37]. In addition, 
Maltais and Marchand [38] found that there was a detrimental effect on compressive strength 
for longer curing periods when applying heat treatment on concrete with small replacement 
levels of fly ash. Ambily et al. [34] investigated  the use of copper slag as a fine aggregate 
replacement for ultra-high performance concrete. They concluded that there is a potential for 
the use of copper slag in UHPC production under heat treatment. 
In the current research, the influence of vacuum mixing and heat treatment on the compressive 
strength of reactive powder concrete (RPC) containing secondary copper slag as the 
supplementary cementitious material is evaluated. The evolution of microstructure of RPC was 
studied.  
4.2 Experimental investigation 
4.2.1 Materials 
The materials used in this study were obtained  from Belgian Companies. The secondary 
slag used in this research was quickly cooled granulated copper slag (QCS), see Figure 4.1. 
This slag was produced by using industrial wastes from Cu such as old copper tubes, wires, 
scraps, cables, alloy coins, plated coins and Cu-Fe (shredded) armatures as raw materials to 
generate copper blister, copper anodes, and copper cathodes for industry and market [12]. 
Besides copper slag, an undensified silica fume was used as supplementary cementitious 
material (SCM). As cement, a CEM I 52.5 N HS/NA (low C3A) was used throughout all 
experiments. Some researchers recommend to use cement with low C3A (less than 3%) in ultra-
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high performance concrete (UHPC) because of a low influence on viscosity, reducing the 
demand for water, and a positive effect on compressive strength [39, 40]. For all concrete, a 
quartz flour with a d50 of 12 µm was used. A quartz sand with a d50 of 0.31 mm was used for all 
RPC mixtures. An overview of the chemical composition of the binders is given in Table 4.1. 
Table 4.1. Chemical Composition of the Applied Powders Determined by XRF Analysis 
[wt%] and Mineralogical Composition of the Cement 
Component QCS CEM I 52.5 N HS/NA  
Silica 
fume 
Flour  
CaO 
SiO2 
Al2O3 
Fe2O3 
MgO 
Na2O 
K2O 
SO3 
P2O5 
TiO2 
ZnO 
MnO 
Cr2O3 
CuO 
Pb 
7.1 
25.9 
5.9 
45.5 
0.8 
0.8 
0.2 
0.4 
0.8 
0.3 
8.8 
0.7 
0.7 
0.4 
0.4 
63.7 
20.9 
3.6 
5.2 
0.8 
0.2 
0.6 
3.0 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.6 
94.2 
1.0 
0.5 
0.7 
1.0 
1.1 
0.3 
0.1 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.02 
99.5 
0.2 
0.03 
n/a 
n/a 
0.05 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
 
 
 
Figure 4.1. SEM image of granulated copper slag (scale bar = 10 µm) 
 
4.2.2 Size reduction processes 
Since the copper slag obtained by the recycling plant was in granulated form, the size of 
this slag had to be reduced to achieve a product with a higher specific surface area (SSA). The 
selection of the appropriate method of grinding should be based on the physical properties of 
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the materials. Copper slag has a hardness of 6-7 on the Mohs scale (hardness) and is mainly 
composed of iron silicate glass [9, 41]. Therefore, there will be a high energy need to grind this 
material. In the grinding process, the energy is determined by the time, speed, and number of 
balls charged. Based on the results obtained by Edwin et al. [12] (Chapter 3), the SSA of QCS 
reached a value of 2533 cm2/g with the Blaine permeability test by using the dry method, long 
duration of grinding (5 times during 12 minutes at 300 rpm) and 5 balls charged in the ball mill. 
Since this grinding process was time-consuming and not very productive, the authors now chose 
a short duration grinding process (6 times during 5 minutes at 390 rpm) and 7 balls charged. 
This method reduced the grinding time with 30 minutes in comparison with that of the long 
duration method. With the increase in grinding speed and addition of two balls in this method 
it was expected to achieve a similar fineness as with the grinding method aforementioned. 
Moreover, a wet method instead of dry method was chosen as copper slag tends to be re-
compacted when applying a dry method. A superplasticizer (Sika Viscocrete-3095x; 0.122 
wt%) was added to avoid re-compaction. After the grinding process, the particle size 
distribution (PSD) of copper slag powder (size range from 0.1 µm to 1000 µm) was measured 
by laser diffraction. The particle size distribution of copper slag, cement, silica fume, and quartz 
flour obtained by laser diffraction is given in Figure 4.2. To disperse the copper slag and cement, 
isopropanol was used since it does not react with it. To avoid agglomeration, the copper slag 
was put in a sonication bath (5 min) before the measurement. In case of silica fume, distilled 
water was used as dispersant. In order to obtain well de-agglomerated silica fume, this material 
was sonicated in two steps. At first, the solution containing silica fume and water was put in an 
ultrasonic bath for 5 minutes to de-agglomerate the particles. After this, 10% superplasticizer 
by weight of silica fume was added followed by sonication for 15 minutes prior to measurement. 
An overview of the parameters used to determine the PSD of the SCMs, cement, and quartz 
flour by laser diffraction can be seen in Table 4.2.  
 
Figure 4.2. Particle Size Distribution by Laser Diffraction of the Different Powders 
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In addition to the PSD by laser diffraction, the fineness of the binders was evaluated by 
their SSA using the Blaine air permeability test according to EN 196-6:2010 [42]. To start, the 
pycnometer method was used to measure the density of all binders. Both the density and SSA 
of the binders are presented in Table 4.3. 
Table 4.2.  Overview of the Parameters Applied to Determine the PSD of the Different 
Powders by Laser Diffraction 
Optical parameters 
 
QCS Silica 
fume 
Cement I 
52.5 N HS/NA 
Quartz 
flour 
Refractive index (RI) [-] 
Absorption coefficient [-] 
Obscuration [%] 
Stirrer rate [rpm] 
Dispersant RI [-] 
Sonication times [minutes] 
1.731 
0.055 
10 - 15 
1700 
1.390 
5 
1.530 
0.001 
5 - 10 
1500 
1.390 
20 
1.731 
0.003 
5 – 10 
1500 
1.390 
5 
1.55 
0.3 
5 – 10 
1700 
1.390 
5 
 
Table 4.3. Density and SSA of the Different Powders 
Materials 
 
QCS Cement I 
52.5 N HS/NA 
Silica 
fume 
Quartz 
flour 
Density (g/cm3) 3.706 3.152 2.017 2.65 
SSA (cm2/g) : 
   Blaine permeability 
   Laser diffraction 
 
2277 
2150 
 
4955 
5390 
 
- 
56200 
 
6500 
5444 
 
 
4.2.3 Mixtures proportions 
Table 4.4 describes the RPC compositions used in this research. A very low water-to-
binder ratio (w/b = 0.185) was chosen in order to produce ultra high performance concrete 
(UHPC). In literature, it is often mentioned that a low porosity and higher strength of concrete 
can be achieved when applying a low water-to-binder ratio for the concrete mix [43, 44]. Caijun 
et al. [45] noticed that the typical range of water-to-binder ratio (w/b) for UHPC is from 0.14 
to 0.20. To obtain the desired workability, a polycarboxylate ether (Glenium ACE 30 con 30% 
Solid) was used. The Glenium ACE 30 contains a carboxylic ether polymer with long side 
chains and short main chains, which can combine an efficient dispersion and rapid absorption 
on the cement particles to obtain good workability and early high strength. These two 
mechanisms are not available for Glenium 51, which was used by the authors in the previous 
research [12] (Chapter 3). The concrete was made with copper slag replacing the Portland 
cement varying between 0 and 20 wt% in steps of 5 wt%.  
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Table 4.4. Composition of the RPC Mixtures with Copper Slag (kg/m3) 
Material Reference 5% CS 10% CS 15% CS 20% CS 
CEM I 52.5 N  HS/NA 
Copper slag (QCS) 
Silica fume (undensified) 
Sand  
Quartz flour 
Glenium ACE 30 
Water Total 
Water Glenium 
Water Compensated 
733.0 
0.0 
230.0 
1008.0 
183.0 
28.6 
178.1 
18.6 
159.6 
697.4 
36.7 
230.3 
1009.5 
183.3 
28.6 
178.4 
18.6 
159.7 
661.7 
73.5 
230.7 
1011.0 
183.5 
28.7 
178.6 
18.6 
160.0 
625.8 
110.4 
231.0 
1012.5 
183.8 
28.7 
178.9 
18.7 
160.2 
589.9 
147.5 
231.4 
1014.0 
184.1 
28.8 
179.2 
18.7 
160.5 
 
4.2.4 Vacuum mixing 
One measure to obtain a void-free mixture is to use an intensive vacuum mixing to reduce 
air content. A void-free mixture contributes to an improved microstructure, strength and service 
life of concrete. In this research, the authors used a planetary vacuum mixer with a capacity of 
5 liter. The procedure of mixing is mentioned in Figure 4.3 [46]. In case of no-vacuum mixing 
(1013 mbar), the lower pressure (100 mbar) does not apply for the entire time of mixing. 
 
Figure 4.3. Mixing Procedure 
 
4.2.5 Heat treatment 
In this research, the phase of heat curing started after 24 hours of normal curing at 20 ± 2 
oC. The heat curing temperature raised at a speed of 0.2 oC/minute. This indicates that the time 
needed to reach the maximum temperature of 90 oC from room temperature is approximately 6 
hours. This technique is chosen to prevent the adverse effect of heat curing, which tends to 
produce larger capillary pores, if a rapid increase in temperature is applied [47, 48]. After 
removing the samples from the moulds (24 hours), the heat treatment was carried out at constant 
temperature of 90 ± 3 oC in a sealed container for two days. The specimens were positioned 2 
cm above a water bath. After 48 hours of heat curing, the specimens were cooled for 3 hours. 
Dry materials
(15 s)
Water + 
Superplasticizer 
(45 s)
Maximum 
speed 
(2.30 min)
Low speed 
(2 min) Discharging
No-vacuum phase Vacuum phase/no-vacuum phase 
255 rpm 910 rpm 255 rpm 
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Afterwards, the specimens were cured in a room at relative humidity of 95 ± 5% and 
temperature of 20 ± 2 oC  until the time of testing. In case of no-heat treatment, the samples 
were demolded after 24 hours and directly cured at a room temperature of  20 ± 2 oC  and 
relative humidity of 95 ± 5% until the required age for the compressive strength test. 
 
4.2.6 Workability, density and compressive strength 
The workability of fresh RPC was determined using a mini slump flow according to EN 
1015-3:2006 [49]. In total, thirty samples were prepared for this test (two times three per mix 
composition). Fifteen of the thirty samples were obtained after vacuum mixing at 100 mbar and 
the other fifteen samples were obtained after mixing at atmospheric pressure (1013 mbar). The 
value of the flow is the average of the maximum and minimum diameter (in triplicate) of the 
measured fresh RPC spread.  
After curing in a room at relative humidity of 95 ± 5% and temperature of 20 ± 2 oC, the 
cubes (100 x 100 x 100 mm) were taken out and then left at ambient temperature for two hours. 
In order to determine the density, the mass and the volume were measured and divided. The 
mass of the cubes was determined using a balance with an accuracy of 0.1 kg. The length, width 
and height of the samples were measured three times using digital callipers with an accuracy of  
0.001 mm to obtain the volume. Similar to the flow test, thirty samples were tested for dry 
density (six per mix composition). Again fifteen samples were obtained after vacuum mixing 
at 100 mbar and another fifteen samples were obtained after mixing at atmospheric pressure 
(1013 mbar). 
Per treatment, forty-five cubes (100 x 100 x 100 mm) were cast to evaluate the 
compressive strength (three times three cubes per mix composition). The different treatments 
were: (a) heat treatment + vacuum mixing, (b) heat treatment without vacuum mixing, (c) no-
heat treatment and vacuum mixing, (d) no heat treatment and no vacuum mixing. The cubes 
were tested in triplicate at the age of 7, 28 and 56 days. A compression machine with a capacity 
of 6000 kN was used. This  machine was set at a loading speed of 2500 N/s.  
4.2.7 Mercury intrusion porosimetry 
4.2.7.1 Principle of mercury intrusion porosimetry 
Mercury intrusion porosimetry has been widely used for measuring the pore size 
distribution of hardened cement pastes [50], aggregates [51] and porous materials [52]. This 
technique is more easy to use and quick because the result can be obtained directly from the 
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equipment, requiring no special software for calculation the pore size distribution. In the 
concrete area, this technique was first introduced by L.Edel’man et al. [53] in which they 
obtained the curve of cumulative pore volume of hardened cement paste. 
MIP is regularly used by many researchers to evaluate the pore size distribution of cement 
pastes, mortars and concrete [54-62].  Diamond, S [61] noticed that MIP measurement is only 
useful to determine the threshold diameters and intrudable pore spaces in the pore systems of 
hydrated cement. In addition, the intrudable porosity obtained by MIP is not a total porosity. 
Helbert [63] found that the inaccuracy of MIP measurement is due to the ink-bottle effects and 
cracks when the samples are induced under high intrusion pressure. Abell et al. [64] noticed 
that MIP could measure the capillary pores ranging from 0.005 to 10 µm. Dils  [65] found that 
the pore diameter of UHPC measured by MIP was categorized into three different regions, 
which are gel pores (< 10 nm), capillary pores (10 nm – 10 µm), and air voids (10 µm- 1 mm). 
In this study, the author used the MIP equipment which also was used by Dils [65].  
The basic principle of mercury intrusion porosimetry is based on the non-wetting liquid 
which intrudes the solids under high surface tension. Since the contact angle between mercury 
and solid is greater than 900, the surface tension of this liquid opposes the entrance into a pore. 
This principle means that the mercury will not fill the pores if the solid is submerged in mercury 
without vacuum [50]. This principle is seen in Figure 5.1.  
 
Figure 4.4. Principle of non-wetting liquid: Contact angle (θ) on a flat surface [50] 
 
According to Washburn [66], the relationship between the pressure and pore diameter is 
expressed in equation 4.1. 
:	 = 	; <=>?@                 4.1.  
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Where P = pressure, γ = surface tension of the non-wetting liquid, d = diameter of pore, 
θ = contact angle between the liquid and solid. This formula assumes that the pore diameter can 
be calculated from the equilibrium between the intrusion or extrusion force and the capillary 
force. In addition, the cross-section of the pores are assumed circular and the pores themselves 
cylindrical. The value of the surface tension of mercury is 0.480 N/m [52].  
 When the mercury intrudes into the specimens, the amount of mercury filling into the 
pores is automatically registered in the equipment. After reaching the maximum pressure, the 
pressure incrementally decreases, and the mercury escapes from the specimens. The equipment 
records this in function of pressure and volume as a pressurization curve as visualized in Figure 
4.5(a). However, this curve has not provided the information about the pore structure 
parameters.  To obtain a cumulative intruded volume curve, the intruded volume is divided by 
the specimen mass (obtained in units of  cm3/g) or by the specimen bulk volume as seen in 
Figure 4.5(b).  
 
Figure 4.5. MIP results: (a) Pressurization curve; (b) cumulative intruded volume curve; 
(c) cumulative pore size distribution; (d) differential pore size distribution [50] 
 
The intrusion curve in function of porosity and pore diameter is visualized in Figure 5.3. 
Ptot  is the porosity at the maximum pressure during the test. This maximum pressure also gives 
a minimum pore size dmin  which can be filled with mercury. According to Mindess et al. [67], 
when a significant intruded pore volume is reached, it will form a continuous network through 
the paste. In this condition, the largest diameter of pores is generated, which is the threshold 
diameter (dth) as seen in Figure 4.6 and 4.7. Winslow and Diamond [68] stated that the mercury 
still flows through the specimen in a small amount for a larger diameter. The critical diameter 
(dcr) is located between a threshold diameter and a minimum diameter, which corresponds to 
the steepest slope of the cumulative intrusion curve as shown in Figure 4.5(c), 4.6 and 4.7. In 
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this condition, the largest volume is obtained at a certain pressure rising. The porosity of the 
specimen can be calculated by multiplying the bulk density of the specimen with the amount of 
intruded mercury per mass unit.  
 
 
 
Figure 4.6. Example of an intrusion curve as result of a mercury intrusion porosimeter 
test [65] 
 
 
 
Figure 4.7. a) The critical pore diameter (dcr); b) The threshold diameter (dth)[50] 
 
4.2.7.2 Experimental method 
To investigate the influence of vacuum mixing and heat treatment on the porosity, 
mercury intrusion porosimetry (MIP) was performed on the RPC samples. Similar to the 
compressive strength test, forty-five samples per treatment were used to determine the porosity 
(three times three samples per mix composition). Four different treatments were considered. 
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The value of the porosity is the average of three samples tested per age and per treatment. In 
order to preserve the pore structure of the specimens, the freeze-drying method was chosen. 
The specimens for MIP were crushed particles with particle size between 5 and 10 mm. After 
putting these specimens in liquid nitrogen for 5 minutes, the temperature was reduced to -195 
0C. Afterwards, the samples were transferred into a freeze-dryer and the temperature changed 
to -24 0C under vacuum condition and pressure of 0.1 Pa [69]. After four weeks, a constant 
mass was obtained (mass change less than 0.1% in 24 hours). After the period of freeze-drying, 
a sample of ± 1.40 g was put into a dilatometer (Thermo Scientific corporation) to start the 
measurement. The mercury was intruded into the specimen and extruded after reaching the 
maximum pressure (140 Pascal for the low pressure step and 440 Pascal for the high pressure 
step).  
According to Mehta and Monteiro [70], the gel pores may range from 0.001 µm to 0.0045 
µm. Depending on the concrete grade and water to cement ratio, the capillary voids cover the 
pore sizes between 0.0045 µm and 1 µm. For the concrete with a low water to binder ratio, the 
capillary voids may range from 0.0045 µm to 0.5 µm due to the discontinued capillary pore 
network by CSH gel. Thus, the pore size distribution obtained is divided into three different 
regions : 1) gel pores ranging between 0.001 and 0.0045 µm ; 2) capillary pores with pore sizes 
up to 0.5 µm ; and 3) macropores and entrained air voids ranging from 0.5 µm to 200 µm.    
 
4.2.8 Frattini test  
The procedure used was based on  EN 196-5:2005 [71]. The samples were prepared by 
mixing 20 grams of binder (cement + copper slag) in 100 ml of distilled and decarbonized water 
in a sealed polyethylene container. The copper slag content varied from 0 wt% to 20 wt% of 
the binder in steps of 5 wt%. After preparation, the samples were heated in an oven at (40 ± 1) 
°C  for 8 days and 15 days. After the first period of 8 days, the solution was filtrated using 
Whatman double filter paper circles with retention of  < 2 µm in less than 30 seconds to prevent 
the carbonation. To determine the hydroxyl ion [OH-] concentration and calcium oxide 
concentration [Ca++], the filtered solution was then titrated with acid-base titration using double 
indicators method. The results are plotted in a chart (Ca++ vs OH-) to assess the pozzolanic 
activity of the copper slag. The results indicate pozzolanic activity when they are beneath the 
lime saturation curve [72]. Twenty samples (four per mix composition) were prepared for this 
test and half of them was tested after 8 days, the other half after 15 days. The value of the 
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pozzolanic activity is the average of the titration results (in triplicate) of the measured Ca++  and 
OH-. 
In addition to the assessment of pozzolanic activity of copper slag, the result for the 
calcium oxide concentration [CaO] was compared with the theoretical maximum using the 
expression as shown in Eq. (4.2) corresponding with the lime saturation curve EN 196-5:2005 
[71] and the CaO reduction is calculated according to Eq. (4.3). 
	A *	  = B1                                                                     (4.2)                 
           
 CDEF G(%) = KLM0LB0LBNOLPQ/O@KLM0LB *100                 (4.3)    
              
4.2.9 Isothermal calorimetry 
In this test, the first hydration starts when the dry materials are mixed with the water. 
However, the first hydration peak cannot be registered completely since the mixing occurred 
outside the calorimeter. This peak only amounts to a few percentage of the total heat liberated 
[73] and will therefore not be considered in the further analysis.  
In the preparation of this experiment, the materials were kept at a temperature close to the 
measurement temperature to avoid significant differences between the paste and the isothermal 
environment. Isothermal calorimetry was carried out at 20°C on cement pastes. The cement 
paste compositions were made with the replacement level of copper slag ranging from 0 wt% 
to 20 wt% in steps of 5 wt%. The water-to-binder ratio of cement paste was 0.185. Before 
starting the measurement, the dry materials were poured into a small plastic container and 
mixed manually with a glass rod for 4 minutes, followed by mixing with the water and Glenium 
ACE 30 for 2 minutes. Afterwards, about 14 g of paste was injected into an ampoule using a 
modified syringe and transferred immediately to the calorimeter. The measurement started 
when the ampoule was in the channel of this calorimeter. More details about the paste 
composition are given in Table 4.5.  
Table 4.5. Paste composition (kg/m3) 
Material Reference 5% CS 10% CS 15% CS 20% CS 
CEM I 52.5 N HS/NA 
Copper slag (QCS) 
Silica fume (undensified) 
Glenium ACE 30 
Water Total 
Water Glenium 
Water Compensated 
1358.3 
0.0 
426.0 
52.7 
330.3 
34.2 
296.1 
1294.5 
68.1 
427.3 
52.9 
331.4 
34.3 
297.1 
1230.4 
136.7 
428.7 
53.0 
332.5 
34.5 
298.0 
1165.8 
205.7 
430.1 
53.2 
333.6 
34.6 
299.0 
1100.8 
275.2 
431.5 
53.4 
334.6 
34.7 
300.0 
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4.2.10 Statistical analysis 
To analyze the experimental data, the IBM SPSS Statistics version 23 was used in this 
study. The two-way analysis of variance (ANOVA) was used to examine the effect of copper 
slag replacement, vacuum mixing, heat treatment, and age on compressive strength and porosity 
of RPC and their interactions. The post-hoc Tukey HSD (Honestly Significant Difference) 
method was applied. A significance level of 0.05 was chosen to reject the null hypothesis. 
 
4.3 Results and discussions 
4.3.1 Properties of freshly mixed RPC 
The  results of the flow test of RPC are shown in Figure 4.8. It is clear that the flow of 
RPC mixed under vacuum of 100 mbar is lower than that of RPC mixed under atmospheric 
pressure. This result indicates that the workability of fresh concrete with a lower air content 
decreases. This may be attributed to the increased viscosity. This finding is in contrast with the 
general conclusion made in most of the literature, namely the workability can be improved by 
decreasing the air content [40, 74]. Nonetheless, it should be noted that the lower air content 
obtained in these studies is due to the difference in mix proportion of concrete, while the current 
result applies vacuum mixing to reduce the air content. In addition, Dils et al. [46] found that 
the development of workability for UHPC using vacuum mixing is less clear. In their research, 
they investigated the effect of vacuum mixing on one UHPC mixed with six different cement 
types. For three types of cement an increase in flowability was observed, while for another three 
types of cement the flowability decreased by applying vacuum mixing, which is in accordance 
with present results. From these results, it should be noted that further investigation should be 
performed find the reasons for these variable results.   
Figure 4.8 also describes that the increase in copper slag content in RPC mixed under 
vacuum condition or at atmospheric pressure enhanced the workability of the fresh concrete. 
This phenomenon can be explained by the fact that copper slag is not a good water absorber 
[21]. When it is used as one of the components in RPC , it may even cause bleeding in concrete 
mixes. However, in the mixtures studied here, no bleeding was observed. 
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Figure 4.8. Workability of RPC under vacuum (100 mbar) mixing and atmospheric 
pressure (1013 mbar) (error bars represent standard errors, the average values represent three 
replicates) 
 
4.3.2 Density of hardened RPC 
The values of the density of hardened RPC mixed under vacuum condition and without 
vacuum are given in Figure 4.9. In general, the density of hardened RPC mixed under vacuum 
condition (100 mbar) and RPC without vacuum (1013 mbar) slightly increased with rising 
copper slag content. Copper slag has a higher density than cement (3.706 g/cm3 vs 3.152 g/cm3), 
therefore a certain volume of cement is replaced by a smaller volume of copper slag. To 
conclude, to obtain 1 m3 of RPC more kg of constituents will be needed in the copper slag 
mixes.  
Figure 4.9 also shows that there is a 1.75% increase in average density of RPC mixed 
under vacuum (100 mbar) compared to RPC mixed at atmospheric pressure (1013 mbar). From 
this result, it can be stated that the use of vacuum mixing at 100 mbar can effectively decrease 
the content of air bubbles of RPC, which increases the density.  
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Figure 4.9. Density of Hardened RPC mixed under Vacuum (100 mbar) and 
Atmospheric Pressure (1013 mbar) (error bars represent standard errors, the average values 
represent three replicates 
 
4.3.3 Compressive strength 
In Figure 4.10, the compressive strength results are presented. Based on the statistical 
analysis (model with only main effects and two-way interactions), it was clear that heat 
treatment explains most of the variability, followed by the interaction of age and heat treatment 
and then the age. For young ages and non-heat treated specimens, also the copper slag content 
seems to have an important influence. In the next sections, we will focus on these aspects. 
4.3.3.1 Effect of copper slag replacement 
The influence of copper slag as cement replacement on the compressive strength of RPC 
is shown in Figure 4.10. The ANOVA result showed that the substitution of copper slag in the 
RPC had a significant effect on compressive strength at young ages (7 days) when vacuum 
mixing or heat curing was applied, resulting on a p-value < 0.0001. It can be observed that the 
most positive effect on early strength was achieved for 5% copper slag if applying vacuum 
mixing and heat curing.  However, without vacuum mixing and heat treatment, it can be seen 
from Figure 4.10(d) that the strength decreased with rising copper slag content at an age of 7 
days. For longer curing ages (28 and 56 days), the strength of RPC containing copper slag was 
comparable to or even better than the control mixture for all treatments. Replacement of cement 
by copper slag leads thus to a small beneficial effect on the compressive strength, as also 
reported by Edwin et al. [12] and De Schepper et al. [22]. To increase the effect, finer copper 
slag should be used. In this study, the SSA of the copper slag was only 46% (Blaine) or 40% 
(laser diffraction) of the SSA of the cement (Table 4.3).  In addition to the insufficient fineness 
of the used copper slag, it can be assumed that the slag reaction is limited, since the Ca(OH)2 
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formed by the cement reaction will perfectly bind to the highly reactive silica fume to form C-
S-H gel. Furthermore, the amount of CaO in the slag itself is rather low. However, the 
anhydrous copper slag grains play a role as filler to enhance the concrete strength. The texture 
of copper slag after grinding has angular sharp edges (Figure 4.1), which can improve the 
cohesion of the concrete matrix [20, 23, 25, 26, 30].  
Based on the results of the Tukey HSD post-hoc test (α = 0.05), as tabulated in Table 4.6, it 
is shown that compressive strength is significantly different for all three different ages. In 
addition, samples with 5%, 10%, and 15% copper slag are significantly different (have higher 
strength) from samples with 0% copper slag. Samples with 20% copper slag have an in between 
strength, that does not significantly differ from the strength of samples with either 0% or 5% to 
15% copper slag. 
4.3.3.2 Effect of vacuum mixing 
The influence of vacuum mixing on the compressive strength of RPC is also shown in 
Figure 4.10. According to the ANOVA test, the use of vacuum mixing has a positive effect on 
the strength of RPC (p-value < 0.0001). At the early days, the strength of RPC containing 
copper slag mixed under vacuum (100 mbar) was slightly higher than RPC containing copper 
slag mixed at atmospheric pressure (1013 mbar). However, the use of vacuum mixing had an 
adverse effect on the compressive strength of reference RPC at early ages. For a curing period 
of 28 days, the compressive strength of RPC mixed under vacuum (100 mbar) was comparable 
to the RPC at atmospheric pressure (1013 mbar) as seen in Figure 4.10(c) and (d). For the longer 
curing age (56 days), there was a slight increase in average compressive strength of RPC mixed 
under vacuum (100 mbar) compared to RPC mixed at atmospheric pressure (1013 mbar). From 
these results, it can be stated that the effect of the vacuum technique to increase the strength of 
RPC is limited. This is related to the composition of reactive powder concrete. RPC is 
composed of fine particles, automatically reducing the porosity of this concrete and also leaving 
a limited amount of air voids. Therefore, when the vacuum mixing is applied, only remaining  
air bubbles can be removed.    
4.3.3.3 Effect of heat curing 
The result concerning the effect of heat treatment on the compressive strength of RPC is 
also given in Figure 4.10. The use of heat treatment for RPC mixes led to a significant increase 
in compressive strength (p-value < 0.0001) for all curing ages. It can be observed that at early 
days, the strength of RPC under heat treatment increased significantly compared to RPC 
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without heat treatment. However, the achieved strength difference was reduced for longer 
curing ages since the compressive strength of RPC with heat treatment remained constant or 
slightly increased whereas the strength of RPC without heat treatment significantly increased 
with time as given in Figure 4.10. Although there is no significant increase in compressive 
strength of RPC with heat treatment after longer curing ages, the strength remains significantly 
higher compared to RPC without heat treatment. These results confirm the findings of [75-77]. 
They noticed that there is no further strength development of UHPC with time after heat 
treatment at 900 C. This finding can easily be explained by the fact that heat treatment 
accelerates the hydraulic and pozzolanic reaction of binders in the early days. When heating is 
applied, the OH- concentration released by the cement rises significantly to consume Ca2+ from 
pozzolanic materials. In terms of phase composition at a higher temperature, the amorphous C-
S-H phases in the sample transform to crystalline C-S-H phases. When the temperature reaches 
90 0C, the crystalline C-S-H transforms to tobermorite and jennite [36]. For the longer curing 
periods, the hydration process still continues  slowly at a room temperature. 
In literature it is often mentioned that heat treatment causes an adverse effect on the later 
age strength. Regarding this phenomenon, Heinz and Ludwig [75] noticed that this is attributed 
to the relaxation phenomenon due to the heat treatment. Other researchers found that in pastes 
cured at high temperatures, relatively dense shells of reaction products formed around the 
hydrating cement grains, while the outer product phase remained relatively porous as relatively 
little reaction product formed in this phase. Besides this non-homogeneous distribution of 
hydration products, there is an increase in microcracks due to the rapid temperature rise at early 
age and the difference in thermal expansion coefficients of the concrete ingredients [78-80]. In 
the current research, however, no significant negative effect of the heat treatment could be 
discerned up to 56 days of age.   
 
4.3.3.4 Overall discussion 
As mentioned previously, the individual effects such as copper slag addition, vacuum, 
and heat treatment have a significant contribution to compressive strength (p-value < 0.0001). 
The results also indicate that the two-way interactions between age on the one hand and copper 
slag replacement, heat treatment and vacuum on the other hand, and the interaction between 
vacuum and heat treatment are significant in explaining the compressive strength differences.  
 The use of vacuum mixing can reduce the air bubbles in all mixtures, and the heat 
treatment speeds up the hydration of binders at the early ages. When comparing the results of 
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all treatments for all curing ages, the use of copper slag in RPC seems beneficial as strength is 
comparable or even higher compared to reference mixtures. It is worth mentioning that the use 
of copper slag in RPC without vacuum-mixing and without heat treatment gave a negative effect 
on the compressive strength at young ages.  
The porosity of RPC is technically decreased by the constituents of this concrete.  
Replacement of cement by slag cannot help further to reduce the air voids content due to the 
insufficient fineness and physical properties of copper slag, namely their angular shape with 
sharp edges, which cannot completely remove the air cavities. Nevertheless, these physical 
properties of the copper slag play a role to increase the compressive strength as they improve 
the cohesion. To minimize the porosity, vacuum mixing can be applied as this reduces the air 
content of the mixture and heat treatment leads to activation of the hydration of binders, 
generating the C-S-H gel to fill out the remaining unfilled porosity. 
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Figure 4.10: RPC compressive strength results of difference treatments : (a) Heat 
treatment + vacuum mixing, (b) Heat treatment without vacuum mixing, (c) No-heat 
treatment and vacuum mixing, (d) No heat treatment and no vacuum mixing (error bars 
represent standard errors, the average values represent three replicates) 
 
Table 4.6. Post-hoc test (Tukey HSD) compressive strength results based on age and 
copper slag replacement of OPC; for each of the two factors, mixes indicated by the 
same letter are not significantly different 
Age Copper slag replacement of OPC 
7d 28d 56d 0% 5% 10% 15% 20% 
a b c a b b b ab 
 
4.3.4 Development of microstructure 
Mercury intrusion measurements lead to cumulative intrusion curves as presented in 
Figure 4.11 for different types of RPC mixed under vacuum. In order to analyze the pore size 
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distribution, three pore regions were defined (gel pores: < 0.0045 µm; capillary pores: 0.0045 
µm - 0.50 µm; macropores + entrained air voids: 0.50 µm - 200 µm). As pores less than 0.007 
µm could not be measured in our study and other techniques have to be applied to quantify the 
gel porosity accurately, Figure 4.12 only shows the capillary pores and macropores + entrained 
air voids. 
   
Figure 4.11. Pore size cumulative distribution of RPC made under vacuum mixing : a). 7 
days ; b) 28 days ; c) 56 days. The values represent three replicates 
 
To express the effect of heat curing, a reduction factor R was defined: 
               R = 	ST(T)T( U × 100                                                                                        (4.4) 
R is the reduction in porosity (%), n is the average porosity for 0 to 20% copper slag 
replacement, A is without heat treatment, and B is with heat treatment. 
4.3.4.1 Effect of copper slag  
The effect of copper slag replacement on the porosity of RPC is shown in Figure 4.12. It 
seemed that copper slag addition had no significant contribution to porosity reduction when 
heat curing was applied. Only for the vacuum mixed and non-heat treated samples, the addition 
of copper slag reduced the porosity, especially for the 5% addition at early ages. The latter 
effect, however, is probably more related to the unexpected high porosity of the reference RPC 
at this age.  
4.3.4.2 Effect of heat treatment  
The evolution of the microstructure of RPC under heat treatment is presented in Figure 
4.12(a) and (b) and is compared to Figure 4.12(c) and (d). It is clear that heat treatment reduces 
the total porosity and that the combination with vacuum mixing in addition leads to a slightly 
lower porosity, resulting in a p-value < 0.0001 based on the ANOVA tests. This corresponds to 
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the increased strength of RPC as shown in Figure 4.10(a) and (b). The reason is that the heat 
treatment activates the binders reaction to transform Ca(OH)2 into C-S-H gel, filling some pores 
in hardened paste [5, 81].  
4.3.4.3 Effect of  vacuum mixing in case no heat treatment is applied 
Figure 4.12(c) and (d) show the porosity of RPC under vacuum or non-vacuum mixing 
without heat treatment. The ANOVA result showed that the vacuum mixing had a positive 
effect on porosity reduction (p-value < 0.0001). It can be observed that the porosity of RPC 
containing copper slag under vacuum (100 mbar) was slightly lower than RPC containing 
copper slag at atmospheric pressure (1013 mbar). The total porosity, in this case, decreased in 
the function of curing time. This is caused by the continued hydration process to generate C-S-
H gel when curing at room temperature. It can be seen in Figure 4.12(c) and (d), that the average 
porosity of non-heat treated RPC halved at 28 days of curing compared to 7 days of curing. 
From this result, it can be concluded that the contribution of vacuum mixing to the porosity 
reduction is limited and variable.  
 
4.3.4.4 Evolution of gel pores, capillary pores, and entrained air voids 
Besides reducing the total porosity, heat treatment also influences the evolution of  
capillary porosity, and entrained air voids. Heat treatment significantly reduced the total 
porosity, macropores + entrained air voids, and capillary pores for early curing days as seen 
through the reduction factor R, plotted in Figure 4.13(a) and (b). This achievement also 
occurred for later curing ages although the effect was slightly lower compared to early curing 
days. It was also observed that the higher reduction in porosity was achieved for capillary pores 
at 7 days. From this result, it can be stated that the heat curing is effective to speed up the 
hydration process, resulting in lower porosity and higher strength compared to non-heat 
treatment. 
For all mixtures, the proportion of capillary pores is similar or slightly lower to the 
proportion of macropores + entrained air voids for RPC under heat treatment as seen in Figure 
4.12(a) and (b), whereas the capillary pores proportion is higher than the macropores + 
entrained air voids proportion for RPC without heat treatment. It has to be remarked that pores 
less than 0.007 µm could not be measured in our study and other techniques have to be applied 
to quantify the gel porosity accurately.  
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Figure 4.12. Evolution of capillary porosity, macropores+entrained air voids and total 
porosity of RPC containing copper slag under difference treatments : (a) Heat treatment 
+ vacuum mixing, (b) Heat treatment without vacuum mixing, (c) Vacuum mixing 
without heat treatment, (d) No vacuum mixing and no heat treatment ; The average 
values of the capillary porosity and macropores + entrained air voids are shown ± 
standard deviation on the total porosity from triplicates analysis 
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Figure 4.13. The relative reduction in porosity (total porosity, macropores+entrained air 
voids, capillary pores) ± standard deviation of RPC made with copper slag for different 
treatments: (a) Heat treatment + vacuum mixing vs non-heat treatment + vacuum 
mixing, (b) Heat treatment + non-vacuum mixing vs non-heat treatment + non-vacuum 
mixing 
 
4.3.4.5 Pore distribution, critical diameter and threshold diameter 
The differential pore size distribution for RPC made under vacuum and non-vacuum is 
seen in Figure 4.14. It is clear that the differential pore size distribution of both vacuum and 
non-vacuum decreased in function of curing period. In addition, the differential pore size 
distribution of RPC decreased when applying vacuum mixing. It can be observed that the 
differential pore size distribution of  RPC at 56 days under vacuum mixing and non-vacuum 
mixing was about 10 mm3/g in average and around 14 mm3/g in average, respectively. This 
phenomenon also happened for RPC under vacuum mixing and non-vacuum mixing at 7 and 
28 days. However, the effect of copper slag is not clear in a differential pore size distribution.  
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Figure 4.14. Pore distribution of RPC: a) vacuum at 7 days ; b) vacuum at 28 days ;   (c) 
vacuum at 56 days ; (d) non-vacuum at 7 days ; (e) non-vacuum at 28 days ; (f) non-
vacuum at 56 days 
From the Figure 4.14, the critical diameter can be determined. The critical diameter is 
obtained based on Figure 4.5(d) which shows a spectrum of pore size. It is easy to obtain the 
critical diameter if the spectrum of pore size has only one unique peak pore size. However, the 
spectrum of pore size obtained in this research sometimes has two or more unique peak pore 
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sizes as shown in Figure 4.14(c) and (f). Regarding the latter, the critical diameter is determined 
from the first peak  as seen in Figure 4.14(c) and (f). 
Figure 4.15 describes the critical diameter of RPC containing copper slag under vacuum 
and non-vacuum. In general, the critical diameter decreased in function of time. This finding is 
due to the hydration process which constructs the smaller pore network in RPC. However, the 
effect of vacuum mixing in the reduction of critical diameter is less clear as seen in Figure 4.15. 
This finding corresponds to the finding of Bonneau et al. [82] who noticed that after early days 
hydration a continuous pore network only happens at the level of the micro pores for RPC. In 
addition, no clear effect of copper slag on the reduction of critical diameter occurred as also 
seen in Figure 4.15. This finding might be due to the fact that copper slag is a low pozzolanic 
material, which makes only small contribution to the pore network.  
 
 
Figure 4.15. Critical diameter of RPC: a) vacuum mixing; b) non-vacuum mixing 
(a)
0.00
0.01
0.02
0.03
0% 5% 10% 15% 20%
C
rit
ic
a
l d
ia
m
et
er
 
[µ
m
]
Copper slag replacement of OPC [wt]
7 days 28 days 56 days
(b)
0.00
0.01
0.02
0.03
0% 5% 10% 15% 20%
C
rit
ic
a
l d
ia
m
et
er
 
[µ
m
]
Copper slag replacement of OPC [wt]
7 days 28 days 56 days
  
86 
Chapter 4  
Another important parameter which can be discussed in this section is the threshold 
diameter. As mentioned in Figure 4.6, this diameter can be determined from the bending point 
of the cumulative intrusion curve, which draws a linear fit before and after this bending point. 
The threshold diameter corresponds to the intersection of both lines. Since the curve of RPC 
under heat curing is flat as seen in Appendix B, it is complicated to determine the intersection 
line. So in this section, only the threshold diameter of RPC with vacuum and non-vacuum 
mixing and without heat treatment will be discussed. 
Figure 4.16 shows the threshold diameter of RPC made with copper slag as cement 
replacement under vacuum mixing and non-vacuum mixing. It is clear that the threshold 
diameter decreased with time. It means that the pore network becomes smaller at the later ages 
as a result of hydration process. In addition, a small effect of vacuum mixing in the reduction 
of threshold diameter was observed in Figure 4.17. This finding implies that the impact of 
vacuum mixing is more clear for the larger pore network. As mentioned in previous section,  
vacuum mixing can only remove the remaining air bubbles of RPC due to the fine particles 
composing this concrete. This is the reason why the effect of vacuum mixing is small to increase 
the compressive strength of RPC. Regarding this, when comparing the effect of vacuum mixing 
on the critical diameter and threshold diameter, it can be assumed that a vacuum mixing could 
give a positive effect on the pore network with a size larger than 0.03 µm. According to 
Bonneau et al. [82], after early days hydration, a continuous pore network only happens at the 
level of the micropores for RPC while a vacuum mixing is not efficient in this area. It means 
that a porosity reduction is only obtained during hydration process with the formation of CSH 
gel, and the fact that the copper slag does not give a significant effect on the hydration process 
since this material has low pozzolanic activity. In addition, the slightly lower threshold diameter 
obtained for RPC containing copper slag at later ages compared to the reference (except for 
20% CS non-vacuum mixing) as seen in Figure 4.16 may be due to the filler effect of anhydrous 
copper slag grains which can improve the cohesion of the concrete matrix. Based on this result, 
it can be concluded that there is no significant effect of copper slag on reduction of threshold 
diameter.  
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Figure 4.16. Threshold diameter of RPC: a) vacuum mixing ; b) non-vacuum mixing 
 
 
Figure 4.17. : The change in threshold diameter of RPC by vacuum mixing 
 
4.3.5 Isothermal Calorimetry 
Figure 4.18 shows the heat production rate in function of time for all mixes. The 
maximum value of the heat production rate during the second peak decreases with increasing 
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copper slag replacement, with no significant difference between the mixes with 5%, 10% or 
15% copper slag. This is due to the dilution of the clinker content in the paste and to the limited 
pozzolanic activity of the copper slag during the first weeks of hydration. Also the insufficient 
fineness of copper slag plays a role for the lower hydration heat. In literature, it is mentioned 
that heavy metal compounds such as Zn, Pb, and Cu may delay of the setting time and hydration 
process of cement paste containing copper slag. Here, the difference between the pastes with 
up to 15% copper slag and the reference is limited. This shows that the filler effect of the copper 
slag is able to compensate for the reduced cement content. In comparison with earlier work of 
the authors [12], the superplasticizer is no longer responsible for a retardation of the hydration 
process of the cement. Glenium ACE 30, the 3rd generation of polycarboxylic ether polymer 
superplasticizer, was used in this research, instead of Glenium 51. 
The cumulative heat production is shown in Figure 4.19. It is seen that the highest total 
heat production is achieved for the reference mixture. In the first phase of 24 hours of hydration, 
the total heat production of pastes containing copper slag was slightly higher or similar to the 
reference mixture except for the 20% copper slag replacement. In the second phase after 24 
hours of hydration, the cumulative heat production of a paste containing copper slag was 
somewhat lower than that of reference mixture.  
As mentioned in the Chapter 3, there are four main effects in the binder system to explain 
the hydration of cement paste with SCMs. The chemical effect was clearly explained above. To 
describe the other three main effects, the curves are expressed in J/g (cement+SF/) as seen in 
Figure 4.20: 
 
(1) Physical effect: In the previous chapter, the retardation effect was mainly caused by 
the high dosage of superplasticizer. In current study, the Glenium ACE 30 which 
works with two mechanisms as mentioned above is used. The dosage of 
superplasticizer was 2.95% by weight of binders, which is lower than previous 
dosage. The second peaks occurred around 18 hours, which is faster than with 
Glenium 51 as mentioned in Chapter 3.  
(2) Filler effect:  In this study, the copper slag was ground intensively to achieve one 
level of fineness. Nevertheless, the fineness obtained in the current study is not 
comparable to cement. The cumulative heat production of cement paste containing 
higher amounts of copper slag (10%, 15% and 20%) were about 340, 351, and 340 
J/g (cem+SF) respectively at 160 hours, which is higher than that of previous work. 
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This achievement is also higher than that of the reference (326 J/g (cem+SF)). It 
means that the contribution of heterogeneous nucleation to the increased of the 
cement hydration is more noticeable in current study.  
(3) Dilution effect: As seen in Figures 4.18 and 4.19, the overall heat production is 
reduced when cement is replaced by copper slag. However per g cement+SF (Figure 
4.20), an increase of the second hydration peak of the cement paste is only noticed 
for 15% CS, while 20% of CS induces a limited decrease, and 5-10% CS do not have 
much effect. It means that the dilution effect is limited. The maximum heat 
production rate was about 5.5 J/g.h for cement paste containing 20% copper slag, 
whereas in the previous chapter it was only about 4 J/g.h. For the cumulative heat 
production, the mixes with copper slag show a cumulative heat production close to 
or higher than the reference mixture after the phase of 72 hours.  
 
 
 
Figure 4.18. Influence of copper slag addition on the binder hydration 
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Figure 4.19. Total heat production for pastes with copper slag 
 
 
  
Figure 4.20. Effect of  addition of copper slag on the cement hydration 
 
4.3.6 Frattini test 
Figure 4.21 shows the results obtained from the Frattini test. It is clear from the graph 
that the plotted data for 8 days curing were lying on or above the lime saturation isotherm, 
indicating that there is no reactivity. The amount of Ca++ ions locates in the portlandite zone.  
For longer curing periods (i.e. 15 days at 40 °C), all of the plotted data are located underneath 
but near to the saturation curve of lime, indicating low pozzolanic activity.  
The pozzolanic activity for this test is determined by the consumption of the Ca++ ion at 
a second titration using Patton and Reeders indicator according to EN 196-5:2005 [71]. It is 
clear from Figure 4.21 that all mixtures with copper slag show comparable results for the 
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amount of Ca++ ions consumed at 15 days of curing. In addition, the Ca++ ions removal was 
expressed as a proportion of the theoretical maximum calculated according to Eq. (4.1) and 
shown in Figure 4.22. The amount of the Ca++ ions removal only ranges from 6% to 10%. The 
result also relates to strength results of RPC using copper slag for all treatments, showing there 
is no significant difference in compressive strength with the reference for longer curing periods.  
The fact that the mix with 20% copper slag does not follow the increasing trend of Ca 
consumption with slag percentage, also had its repercussions on porosity and strength. 
 
Figure 4.21. Frattini Test Result of Copper Slag at 8 Days and 15 Days 
 
 
 
Figure 4.22. CaO reduction relative to the theoretical maximum 
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4.4 Energy consumption and carbon footprint analysis of RPC mixes 
Globally the production of cement annually has reached 2.8 billion tons, and is estimated 
to increase about 4 billion tons per year [83]. In Belgium, about 6.4 million tons of cement is 
produced annually, and nearly 20% is used for infrastructures [84]. Energy demand in cement 
production is also increasing. The production of 1 metric ton of cement requires 4000 MJ [85] 
and also releases 833 kg CO2 into the atmosphere [86]. The energy consumption for grinding 
granulated blast furnace slag is about 10% of the total energy consumption of cement [85]. 
However, the copper slag used in this study  has a hardness of 6-7 on the Mohs scale (hardness) 
[9, 41], which also needs a higher energy for grinding compared to blast furnace slag (5-6 Mohs 
scale, hardness) [87]. Based on the data of CO2 emission and embodied energy of concrete 
ingredients as shown in Table 4.7, the energy consumption and emission reduction by partial 
replacement of cement by copper slag in RPC mixes can be calculated. The CO2 emission and 
embodied energy in the process of RPC (Table 4.7) were assumed for a heat treatment of 48 
hours at 90 0C  and applying vacuum mixing (lab scale process). 
 
Table 4. 7. CO2 emissions and embodied energy of RPC ingredients (per 1 kg) 
Components Embodied 
energy (MJ)  
CO2 emissions 
(kg) 
Cement I 5.5 (A) 0.833 (B) 
Copper slag 1.382 (C) 0.411 (C) 
Silica fume 0.036 (A) 0.28 (D) 
Flour 0.85 (A) 0.023 (B) 
Sand  0.08 (A) 0.021 (B) 
Superplasticizer 
Water 
11.5 (E) 
0.2 (E) 
0.600 (E) 
0.0008 (E) 
Processing 0.247 (F) 0.047 (F) 
Note: A = Aysha, et al. [88] ; B = Stengel and Schiebl [86]; C = Yingshun and Jie [89]; D = 
King [90]; E = Mithun and Narasimhan [91]; F = Calculated in this research 
  
 
The energy consumption of the RPC mixes with varying replacement levels of cement by 
copper slag is presented in Figure 4.23. It is clear that the energy consumption of RPC mixes 
decreased with increasing copper slag content. The total embodied energy to produce copper 
slag is 1.382 MJ per kg, which is about 4-fold lower than the total embodied energy to produce 
cement, as seen in Table 4.7. This is the main reason for the decreasing energy consumption in 
the production of RPC mixes with copper slag.  
Furthermore, based on the literature data (Table 4.7), the quantity of CO2 emissions can 
be obtained. In the manufacture of RPC, the use of copper slag as cement replacement seems 
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to have a beneficial effect on air quality. This phenomenon can be seen in Figure 4.22. The 
amount of CO2 emission decreased with an increase in copper slag content for RPC mixtures. 
It can be observed that the lowest CO2 emission (695.5 kg/m3) was achieved for 20% copper 
slag replacement. It should be noted that although the use of copper slag as cement replacement 
of RPC gave a limited effect on compressive strength, an ecological advantage can be achieved. 
 
Figure 4.23. Energy consumption and CO2 emission for RPC mixes with varying amount 
of copper slag 
 
 
4.5 Conclusions 
Within this paper, the influence of intensive vacuum mixing and heat treatment on 
compressive strength and microstructure of reactive powder concrete incorporating secondary 
copper slag as supplementary cementitious material was investigated. The following 
conclusions can be made: 
(1) There was an increase in the workability with rising copper slag content, both for RPC 
under vacuum mixing (100 mbar) and RPC under atmospheric conditions. This can be 
due to the effect of the low water absorption of copper slag. 
(2) By applying vacuum mixing to the mixture, the density of hardened RPC is significantly 
increased. Also a very small gradual increase with copper slag proportion is noticed.   
(3) The use of secondary copper slag for up to 20% cement replacement in RPC has a 
negligible effect on the compressive strength from 28 days of age onwards. In 
combination with vacuum mixing and / or heat curing, an improved strength was noticed 
at 7 days. 
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(4) The use of heat treatment has a significant effect on the strength development of RPC at 
early days, whereas vacuum mixing has only a very limited effect on compressive 
strength for all curing ages. This is due to the very low amount of air voids in RPC. 
(5) The addition of copper slag and application of vacuum mixing has a limited effect on the 
porosity reduction of RPC. However, by applying heat treatment to the mixtures, a 
significant reduction in total porosity, macropores+entrained air voids, and capillary 
pores of RPC were obtained. 
(6) The increase of the copper slag proportion up to 15% has only a limited effect on the heat 
production of cement paste. This shows that the filler effect on the slag is able to 
compensate for the reduced cement content, in spite of the fineness of the slag being lower 
than for the cement. 
(7) The results of pozzolanic activity assessed by the Frattini test show that all of the mixtures 
with copper slag indicate low pozzolanic activity after 15 days curing.  
(8) The utilization of copper slag as cement replacement decreases the energy consumption 
and reduces the carbon footprint in the production of RPC. 
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CHAPTER 5 
INFLUENCE OF VACUUM MIXING AND HEAT 
TREATMENT ON MECHANICAL PROPERTIES AND 
MICROSTRUCTURE OF ULTRA HIGH 
PERFORMANCE CONCRETE CONTAINING 
SECONDARY COPPER SLAG AS SUPPLEMENTARY 
CEMENTITIOUS MATERIAL (SCM)  
 
5.1  Introduction 
In recent decades, concrete has grown to be the most popular material for infrastructure 
projects due to its relatively low cost of production and treatment. However, Portland cement 
as an ingredient of concrete requires a huge amount of energy from fossil fuels and non-
renewable resources and for clinker burning and grinding. Moreover, the toxic gases from a 
cement kiln also contribute to emissions of air pollutants and pose a hazard to human health. 
The alternative way, to protect the environment and to save energy in the near future, is to 
utilize recycled waste material within the cement and concrete industry.  
The use of industrial by-products as cement replacing material is very popular. Typical 
by-products that are already widely used are, e.g. fly-ash and blast-furnace slag. Copper slag is 
one of the by-product materials from the copper smelting. Globally the estimated quantity of 
copper slag generated annually is 24.6 million tons [1]. In the European Union, about 4.6 
million tons of secondary copper is produced by the primarily refined copper production and 
secondary refined production [2, 3], and it is estimated that approximately 0.92 million tons 
slag are generated as a waste. In Belgium, copper cathodes are produced by recycling plants 
(Metallo-Chimique N.V., Umicore S.A., and Aurubis) (436,000 tons) [4], which also generate 
about 132,240 tons of secondary copper slag annually [2-5]. Since this material needs a large 
area for landfilling, of which the availability is insufficient, and to avoid problems related to 
the leaching of heavy metal and other harmful elements, it would be interesting to upgrade these 
‘waste’ products in high-value applications. Moreover, the amount of natural resources is 
declining due to a large consumption in the cement and concrete production. A possible 
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breakthrough can thus be sought in exploiting by-products within cement and concrete 
production. 
As mentioned in chapter 2, 3, and 4 copper slag can be used as sand replacement, 
aggregate replacement and cement replacement in concrete production [6-19]. However, only 
one paper has been found in which the effect of copper slag in UHPC is discussed [11]. In their 
research, they noticed that  compressive strength of UHPC mixed with copper slag was lower 
than UHPC mixed with Ennore sand. This reduction might be due to the low water absorption 
of copper slag, which can increase the free water contents and it leads to the formation of 
internal voids and capillary channels in concrete [19].  Therefore, a more in-depth investigation 
of the influence of copper slag in UHPC appears relevant.  
This chapter will discuss the effect of copper slag under vacuum mixing and heat 
treatment  on the mechanical properties of UHPC. The main point of this chapter is to contribute 
to knowledge and literature in the field of concrete material technology especially for UHPC. 
5.2 Materials  
 The materials used in this study were purchased from a Belgian Company except for the 
secondary copper slag, which was obtained from a Belgian Recycling Plant. The secondary slag 
used in this research was quickly cooled granulated copper slag (QCS) as an aggregate 
replacement, slowly cooled broken copper slag (SCS) as cement replacement, and clean slag as 
cement replacement. This slag was produced by using primary slag from Cu such as old copper 
tubes, wires, scraps, cables, alloy coins, plated coins and Cu-Fe (shredded) armatures as raw 
materials to generate copper blister, copper anodes, and copper cathodes for industry and 
market. The clean slag is produced by the use of an innovative plasma fumer furnace to clean 
the slag from Zn and Pb contaminations. Besides copper slag, an undensified silica fume (type 
940U, Elkem) was used as SCM. As cement, a CEM I 52.5 N HSR/LA was used throughout 
all experiments. For all concretes, a quartz flour (type M400, Sibelco) with a d50 of 12 µm was 
used. An overview of the chemical composition of the binders is given in Table 1. 
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Table 5.1. Chemical Composition of the Applied Binders Determined by XRF Analysis 
[wt%] and Mineralogical Composition of the Cement 
Component SCS Clean slag CEM I 52.5 N HSR/LA 
Silica 
Fume 
Flour 
(M400) 
CaO 
SiO2 
Al2O3 
Fe2O3 
MgO 
Na2O 
K2O 
SO3 
P2O5 
TiO2 
ZnO 
MnO 
Cr2O3 
CuO 
Pb 
3.3 
24.5 
3.9 
51.1 
1.2 
n/a 
0.1 
0.5 
0.5 
0.2 
6.6 
0.6 
0.6 
2.4 
0.1 
3.5 
22.4 
6.0 
52.8 
1.1 
n/a 
0.2 
0.7 
0.5 
0.5 
0.4 
0.6 
0.1 
1.2 
n/a 
63.7 
20.9 
3.6 
5.2 
0.8 
0.2 
0.6 
3.0 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.6 
94.2 
1.0 
0.5 
0.7 
1.0 
1.1 
0.3 
0.1 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.02 
99.5 
0.2 
0.03 
n/a 
n/a 
0.05 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
 
In this study, basalt aggregate with a maximum size of 0.4 mm was used. A sieve analysis 
of the basalt and copper slag (QCS) can be seen in Figure 5.1. Before using the basalt and QCS 
in concrete, the water absorption of those materials was investigated according to [20]. The 
water absorption of basalt and QCS is shown in Figure 5.2.  
 
Figure 5.1. Sieve analysis of basalt aggregate and copper slag (QCS) 
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Figure 5.2. Water absorption of basalt aggregate and copper slag (QCS) 
 
5.3 Methods 
5.3.1 Grinding process 
The fineness determined by Blaine permeability of both QCS and SCS were 2533 cm2/g 
and 3155 cm2/g respectively when applying a grinding method of 5 times grinding during 12 
minutes at 300 rpm using 5 balls as mentioned in Chapter 3. From the result, it can be concluded 
that SCS tends to be softer than QCS as the SSA of SCS is higher when using same energy in 
the grinding process. However, the fineness obtained of copper slag was lower than that of 
cement (4955 cm2/g by Blaine permeability). Therefore, the use of higher energy in the grinding 
process is necessary to achieve a fineness comparable to cement. To implement this, the author 
chose a long duration grinding process (12 times during 5 minutes at 390 rpm) and 7 balls 
charged for SCS. For clean slag, the author used a similar method as for SCS, but the grinding 
duration was doubled from 5 minutes to 10 minutes. Similar to the grinding process of QCS for 
RPC as mentioned in Chapter 4, a wet method was chosen with adding a superplasticizer (Sika 
Viscocrete-3095x; 0.122 wt%) to avoid re-compaction.  
After the grinding process, the particle size distribution (PSD) of copper slag powder (size 
range from 0.1 µm to 1000 µm) was measured by laser diffraction. The particle size distribution 
of copper slag, cement, silica fume, and quartz flour obtained by laser diffraction is given in 
Figure 5.3. To disperse the copper slag and cement, isopropanol was used since it does not react 
with it. To avoid agglomeration, the copper slag was put in a sonication bath (5 min) before the 
measurement. In case of silica fume, distilled water was used as dispersant. In order to obtain 
well de-agglomerated silica fume, this material was sonicated in two steps. At first, the solution 
containing silica fume and water was put in an ultrasonic bath for 5 minutes to de-agglomerate 
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the particles. After this, 10% superplasticizer by weight of silica fume was added followed by 
sonication for 15 minutes prior to measurement. An overview of the parameters used to 
determine the PSD of the SCMs, cement, and quartz flour by laser diffraction can be seen in 
Table 5.2.  
 
Figure 5.3. Particle Size Distribution by Laser Diffraction of the Different Powders 
 
Table 5.2.  Overview of the Parameters Applied to Determine the PSD of the Different 
Powders by Laser Diffraction 
Optical parameters 
 
SCS and 
Clean slag 
Silica 
fume 
Cement I 
52.5 N HS/NA 
Quartz 
flour 
Refractive index (RI) [-] 
Absorption coefficient [-] 
Obscuration [%] 
Stirrer rate [rpm] 
Dispersant RI [-] 
Sonication times [minutes] 
1.731 
0.055 
10 - 15 
1700 
1.390 
5 
1.530 
0.001 
5 - 10 
1500 
1.390 
20 
1.731 
0.003 
5 – 10 
1500 
1.390 
5 
1.55 
0.3 
5 – 10 
1700 
1.390 
5 
In addition to the PSD by laser diffraction, the fineness of the binders was evaluated by their 
specific surface area (SSA) using the Blaine air permeability test according to EN-196-6:2010 
[21]. To start, the pycnometer method was used to measure the density of all binders. Both the 
density and SSA of the binders are presented in Table 5.3. 
Table 5.3. Density and SSA of the Different Powders 
Materials 
 
SCS  Clean 
slag 
Cement I 
52.5 N 
HS/NA 
Silica 
fume Quartz flour 
Density (g/cm3) 3.780 3.352 3.152 2.017 2.65 
SSA (cm2/g) : 
   Blaine permeability 
   Laser diffraction 
 
4542 
5240 
 
5713 
8580 
 
4955 
5390 
 
- 
56200 
 
6500 
5444 
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5.3.2 Mixture compositions  
In literature, it is often mentioned that a low porosity and higher strength of concrete can 
be achieved when applying a low water-to-binder ratio for the concrete mix [22, 23]. Caijun et 
al. [24] noticed that the typical range of water-to-binder ratio (w/b) for UHPC is from 0.14 to 
0.20. 
The mix design of UHPC is intended to have a densely compacted cementitious matrix 
with excellent workability and strength [25]. UHPC is designed to reduce the contact stresses, 
this is done by using finer aggregates (high specific surface area), furthermore high packing 
density is necessary and matrix optimization (paste quality with very low w/b ratio). Table 3.2 
illustrates the mix design of UHPC proposed by five institutions.  
 
Table 5.4. Mix proportion of six different UHPC mixtures from different sources [26] 
kg/m3 MIX 1 MIX 2 MIX 3 MIX 4 MIX 5 MIX 6 
Cement I  721 632 926 868 840 - 
Silica fume 1 
Silica fume 2 
226 
- 
198 
- 
231 
- 
217 
- 
- 
336 
- 
 
Quartz sand 0/0.5 
mm or  0/0.4 mm 
992 434 1018 912 339 - 
Porphyry 2/4 mm - - - - 785 - 
Basalt 0/4 mm - 870 - - - - 
Quartz flour M400 
or M800 
180 158 - 217 84 - 
Superplasticizer 1a 
Superplasticizer 2a  
28 
- 
27 
- 
42 
- 
44 
- 
- 
24 
- 
 
Waterb 157 133 174 155 0 70 
Ducorit® D4c - - - - - 930 
W/B 0.185 0.180 0.150 0.170 0.180 - 
C/A 0.73 0.49 0.91 0.95 0.75 - 
Source A A D B C E 
A = University of Kassel [27] ; B = University of Michigan [28] ; C = Belgian Building 
Research Institute [29] ; D = Scientific Division Bouygues [30] ; E = Premix [31] ; C/A = 
cement to aggregate mass ratio 
a
 Suspension 
b
 Water compensated for water present in superplasticizer and silica fume if applicable 
c
 Composition not given by the private company 
 
In this thesis, the author used one of the mix designs of UHPC as shown in Table 5.4. The 
mix design was adopted from MIX 2 without modification. A very low water-to-binder ratio 
(w/b = 0.180) was chosen in order to produce UHPC. The mix design was prepared in two 
groups, which was group A for UHPC with QCS + SCS and group B for UHPC with QCS + 
clean slag. In group A, the basalt aggregate was replaced by QCS (by volume) with the 
proportions of 0%, 20%, 40%, 50% and 60%. The best results obtained from this series of 
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mixtures will be used as a reference for UHPC with SCS. This concrete was made with SCS 
contents as cement replacement varying between 0 and 20 vol% in steps of 5 vol%. From this 
mix, cubic samples were prepared (100 x 100 x 100 mm).  In group B the QCS was used as 
basalt replacement with the proportions of 0%, 10%, 30%, and 50%. Similar to the group A, 
clean slag as cement replacement will be combined with QCS after obtaining the best 
compressive strength. Prisms (40 x 40 x 160 mm) were prepared for group B. The detailed mix 
design for group A and B can be seen in Table 5.5. 
 
Table 5.5. Composition of the UHPC mixtures and pastes with copper slag (kg/m3) 
a) Mix with copper slag (QCS) as basalt replacement (group A) 
Material Reference A-QCS20 A-QCS40 A-QCS50 A-QCS60 
CEM I 52.5 N  HS/NA 632.0 639.2 646.6 650.4 654.2 
Silica fume (940U) 198.0 200.3 202.6 203.7 204.9 
Sand M31 434.0 438.9 444.0 446.6 449.2 
Basalt 0/4 mm 870.0 703.9 534.1 447.6 360.2 
Copper slag (QCS) 0.0 175.9 356.1 447.6 540.3 
Flour (M400) 158.0 159.8 161.6 162.6 163.5 
Glenium ACE 30 27.0 27.3 27.6 27.8 27.9 
Water 149.4 151.1 152.8 153.7 154.6 
 
b) Mix with 20% copper slag (QCS) as basalt replacement and copper slag (SCS) as 
cement replacement (used for mixing under vacuum of 100 mbar) (group A) 
Material A-QCS20-
SCS5 
A-QCS20-
SCS10 
A-QCS20-
SCS15 
A-QCS20-
SCS20 
CEM I 52.5 N HS/NA  608.3 577.4 546.2 515.0 
Copper slag (SCS)  32.0 64.2 96.4 128.8 
Silica fume (940U) 200.6 201.0 201.3 201.7 
Sand M31 439.7 440.5 441.3 442.1 
Basalt 0/4 mm 705.2 706.5 707.7 709.0 
Copper slag (QCS) 176.3 176.6 176.9 177.2 
Flour M400 160.1 160.4 160.7 160.9 
Glenium ACE 30  27.4 27.4 27.5 27.5 
Water 151.4 151.6 151.9 152.2 
The reference mixture for this series is the mix with 20% CS as basalt replacement, referred to 
as A-QCS20 in Table 5.5(a). 
 
 
c) Mix with 50% copper slag (QCS) as basalt replacement and copper slag (SCS) as 
cement replacement (used for mixing without vacuum) (group A) 
Material A-QCS50-
SCS5 
A-QCS50-
SCS10 
A-QCS50-
SCS15 
A-QCS50-
SCS20 
CEM I 52.5 N HS/NA  619.0 587.5 555.8 524.1 
Copper slag (SCS) 32.6 65.3 98.1 131.0 
Silica fume (940U) 204.1 204.5 204.9 205.2 
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Sand M31 447.4 448.2 449.1 449.9 
Basalt 0/4 mm 448.5 449.3 450.1 450.9 
Copper slag (QCS) 448.5 449.3 450.1 450.9 
Flour M400 162.9 163.2 163.5 163.8 
Glenium ACE 30  27.8 27.9 27.9 28.0 
Water 154.0 154.3 154.6 154.9 
The reference mixture for this series is the mix with 50% CS as basalt replacement, referred to 
as A-QCS50 in Table 5.5(a). 
d) Cement paste (group A) 
Material Reference P-SCS5 P-SCS10 P-SCS15 P-SCS20 
CEM I 52.5 N HS.NA 1361.7 1299.6 1236.9 1173.6 1109.7 
Copper slag (SCS) 0.0 68.4 137.4 207.1 277.4 
Silica fume (940U) 426.6 428.6 430.6 432.6 434.6 
Glenium ACE 30 58.2 58.4 58.7 59.0 59.3 
Water 321.9 323.4 324.9 326.4 327.9 
 
e) Mix wih copper slag (QCS) as basalt replacement (group B) 
Material Reference B-QCS10 B-QCS30 B-QCS50 
CEM I 52.5 N  HS/NA 632.0 635.6 642.9 650.4 
Silica fume (940U) 198.0 199.1 201.4 203.7 
Sand M31 434.0 436.5 441.5 446.6 
Basalt 0/4 mm 870.0 787.4 619.5 447.6 
Copper slag (QCS) 0.0 87.5 265.5 447.6 
Flour (M400) 158.0 158.9 160.2 162.6 
Glenium ACE 30 27.0 27.2 27.5 27.8 
Water 149.4 150.3 151.9 153.7 
 
f) Mix wih copper slag (QCS) as basalt replacement and copper slag (clean slag) as 
cement replacement (used for mixing with and without vacuum) (group B) 
Material B-QCS50-
clean slag5 
B-QCS50-
clean slag10 
B-QCS50-
clean slag15 
B-QCS50-
clean slag20 
CEM I 52.5 N HS/NA  618.3 586.1 554.0 521.7 
Copper slag (Clean slag) 32.5 65.1 97.8 130.4 
Silica fume (940U) 203.9 204.0 204.2 204.3 
Sand M31 446.9 447.2 447.5 447.8 
Basalt 0/4 mm 448.0 448.3 448.6 448.9 
Copper slag (QCS) 448.0 448.3 448.6 448.9 
Flour M400 162.7 162.8 162.9 163.0 
Glenium ACE 30  27.8 27.8 27.8 27.9 
Water 153.8 154.0 154.1 154.2 
The reference mixture for this series is the mix with 50% CS as basalt replacement, referred to 
as B-QCS50 in Table 5.5(e). 
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5.3.3  Mixing Procedure 
The use of a high-speed mixer is required for UHPC mixtures to reduce the 
inhomogeneity of the mix. According to Ferraris [32],  mixing procedures can be classified as 
follows: batch mixing and continuous mixing. The procedure of batch mixing is that, after 
finishing one batch,  the mixer is emptied, cleaned and refilled for the next batch. For continuous 
mixing, the materials are continuously fed to the mixer at one end as the fresh concrete exits at 
the other end. In this research, the author used an intensive vacuum mixer classified as a batch 
mixer as seen in Figure 5.4. Since this mixer is equipped with a vacuum pump to reduce the air 
content,  a void-free mixture is obtained. 
The mixer has a pin-agitator (scraper moving) located at the upper centre pan. The 
materials are inserted to the mixing pan. These two components produce rotation with opposite 
direction to each other. If the materials are mixed for a long duration, the materials are 
automatically scraped by the pin agitator, decreasing the particle size diameter of materials. 
This phenomenon led to an increased water demand and decline in workability of the freshly 
mixture. To prevent this phenomenon,  the mixing time is controlled by the power consumption 
as suggested by several researchers [26, 33-36]. Based on Figure 5.5,  the tmax which is the time 
at maximum power consumption, is reached at 150s and the stabilisation time is achieved at 
270s with a slow phase for the last 120s. This procedure is used by the author for mixing the 
UHPC. The procedure of mixing is mentioned in Figure 5.6 [4, 37]. In case of non-vacuum 
mixing (1013 mbar), the lower pressure (100 mbar) does not apply for the entire time of mixing. 
 
Figure. 5.4. A 5-liter vacuum mixer with inclined mixing pan. A: the pin-agitator; B: the 
vacuum pump; C: mixing pan and outer protection ring [38] 
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Figure 5.5. The normalized power curve of the mixing process with an agitator speed of 
6 m/s, to determine the stabilization time of a mixture [26, 36] 
 
 
Figure 5.6. Mixing procedure [4, 37] 
 
5.3.4 Heat treatment 
The procedure of heat treatment for UHPC was based on [4]. The phase of heat curing 
started after 24 hours of normal curing at 20 ± 2 oC. The heat curing temperature raised at a 
speed of 0.2 oC/minute. This indicates that the time needed to reach the maximum temperature 
of 90 oC from room temperature is approximately 6 hours. This technique is chosen to prevent 
the adverse effect of heat curing, which tends to produce larger capillary pores if a rapid increase 
in temperature is applied [39, 40]. After removing the samples from the moulds (24 hours), the 
temperature was increased and then maintained at a constant temperature of 90 ± 3 oC in a 
sealed container for two days. The specimens were positioned 2 cm above a water bath. After 
48 hours of heat curing, the specimens were cooled in ambient air for 3 hours. Afterwards, the 
specimens were cured in a room at a relative humidity of 95 ± 5% and temperature of 20 ± 2 
oC until the time of testing. In case of no heat treatment, the samples were demolded after 24 
hours and directly cured at a room temperature of  20 ± 2 oC and relative humidity of 95 ± 5% 
until the required age for the compressive strength test had been reached. The setup for the heat 
Dry materials
(15 s)
Water + 
Superplasticizer 
(45 s)
Maximum 
speed 
(2.30 min)
Low speed 
(2 min) Discharging
No-vacuum phase Vacuum phase/no-vacuum phase 
255 rpm 910 rpm 255 rpm 
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treatment can be seen in Figure 5.7.  
 
Figure 5.7. An isolated container with a bath held at 90 oC [38] (left) and the samples 
stored in the container (right). 
 
5.3.5 Bound water (Rilem Protocol) 
To monitor the pozzolanic activity of SCMs, the researchers usually use isothermal 
calorimetry and TG analysis. However, this equipment is not always available in every 
laboratory. Therefore, bound water (oven method) is suggested as valuable alternative 
developed by Avet et al. [41] who adapted the TGA method. The principle of this technique is 
to obtain the mass changes by heating the sample using the oven at a temperature ranging from 
110 0C to 350 0C. 
The mix design used for bound water is based on the mix design for cement paste (group 
A). After mixing, the samples were cured at 20°C and relative humidity of 95 ± 5%  until the 
time of the test. After 28 and 56 days the samples were dried in an oven at 105 °C until reaching 
constant mass. Ceramic crucibles were heated to 350 °C for one hour and cooled down in a 
desiccator with silica gel inside for about 20 minutes. Next, the weight of the crucibles was 
measured and noted as wc. The oven dried samples, with maximum pieces of 5 mm, were 
transferred to the crucibles and again the weight w0 of the crucible and sample was measured. 
After calcining the sample at 350 °C for two hours in a box furnace, the heated samples and 
crucibles were again transferred to the desiccator with silica gel until cooled down. The final 
weight of the crucible and sample was measured and called wt. The thermal treatment was 
limited to 350 °C since higher temperatures would lead to portlandite dehydroxylation, which 
is not desired in this case [41]. The bound water is then calculated according to Equation (5.1). 
This value was then rescaled to g/100 g anhydrous using Equation (5.2).  
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5.3.6 Mercury intrusion porosimetry 
Mercury intrusion porosimetry has been widely used for measuring the pore size 
distribution of hardened cement pastes [42], aggregates [43] and porous materials [44]. This 
technique is more easy to use and quick because the result can be obtained directly from the 
equipment, requiring no special software for calculating the pore size distribution. In the area 
of concrete technology, this technique was first introduced by Edel’man et al. [45] in which 
they obtained the curve of cumulative pore volume of hardened cement paste. 
To investigate the influence of vacuum mixing and heat treatment on the porosity, 
mercury intrusion porosimetry (MIP)  was performed on the UHPC samples. Forty-five samples 
per treatment were used to determine the porosity (three times three samples per mix 
composition). Four different treatments were considered. The value of the porosity is the 
average of three samples tested per age and per treatment. To preserve the pore structure of the 
specimens, the freeze-drying method was chosen. The specimens for MIP were crushed 
particles with particle size between 5 and 10 mm. After putting these specimens in liquid 
nitrogen for 5 minutes, the temperature was reduced to -195 0C. Afterwards, the samples were 
transferred into a freeze-dryer, and the temperature changed to -24 0C under vacuum condition 
and pressure of 0.1 Pa [46]. After four weeks, a constant mass was obtained (mass change less 
than 0.1% in 24 hours). After the period of freeze-drying, a sample of ± 1.40 g was put into a 
dilatometer (Thermo Scientific corporation) to start the measurement. The mercury was 
intruded into the specimen and extruded after reaching the maximum pressure (140 Pascal for 
the low pressure step and 440 Pascal for the high pressure step).  
5.3.7 Leaching test 
 In this study, a leaching test was performed on concrete containing copper slag 
according to [47]. The samples were crushed to a particle size of less than 9.5 mm. Afterwards 
the crushed specimens were immersed in an extractant (acetic acid) with a pH of 2.8 at a 
solid:liquid ratio of 1:20 by weight for 18 hours. During the immersion time, the agitation 
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system was started using a rotary tumbler at a speed of 30 rpm. After filtering, the leachates 
were analyzed using atomic absorption spectroscopy (AAS) to monitor the parameters such as 
As, Cd, Cr, Cu, Pb, Hg, Zn, Fe, and Mn. 
5.4 Results and discussions 
In this section, the mechanical strength of UHPC containing copper slag will be discussed. 
Due to the differences in specimen size and types of copper slag used in this study (SCS and 
Clean slag), the results will be presented in two sections. Section 5.4.1 will discuss the effect 
of QCS as aggregate replacement combined with SCS as cement replacement on mechanical 
strength, porosity evolution, and bound water. Whereas, the influence of QCS as aggregate 
replacement combined with Clean slag on mechanical strength, porosity, and pozzolanic 
activity will be discussed in section 5.4.2.  
 
5.4.1 The use of QCS and SCS in UHPC  
5.4.1.1 Influence of vacuum mixing on compressive strength of UHPC containing copper 
slag (QCS) as basalt aggregate replacement  
 
The results obtained for UHPM and RPC showed that the strength with different copper 
slag proportions was similar or slightly increased compared to the control mixture. These 
findings may be associated to the insufficient fineness of copper slag used as cement 
replacement for both UHPM and RPC. This could be one of the reasons why the copper slag 
showed little pozzolanic activity as obtained by Chapelle test, Frattini test, and isothermal 
calorimetry as mentioned in chapter 3 and 4. Therefore, the author assumes that an equivalent 
fineness between copper slag and cement is expected to lead to a better result.  
In this section, copper slag (QCS) is in addition used to replace the basalt aggregate for 
UHPC under vacuum mixing and non-vacuum mixing with the copper slag proportions (by 
volume) of 0%, 20%, 40%, 50%, and 60%.  
 
5.4.1.1.1  Effect of copper slag (QCS) as aggregate replacement on compressive strength 
of UHPC 
 
Figure 5.8 describes the evolution of compressive strength in function of time for UHPC 
containing copper slag (QCS) as basalt aggregate replacement under vacuum mixing and non-
vacuum mixing. In general, the compressive strength of UHPC containing copper slag for both 
vacuum mixing and non-vacuum mixing was comparable to or even better than the reference 
  
114 
Chapter 5  
mixture. The best results of compressive strength of both UHPC under vacuum mixing and non-
vacuum mixing are achieved for QCS 20% and 50%, respectively. 
From these results, it can be noticed that the use of copper slag had no significant effect 
on compressive strength of UHPC. This phenomenon is associated to a comparable roughness 
between copper slag and basalt aggregate. It means that the higher cohesion of the concrete 
matrix cannot be achieved when replacing the aggregate with copper slag which has a surface 
texture similar each other. Although the copper slag has a higher hardness and denser 
microstructure than basalt aggregate, a better bonding between cement paste and aggregate is 
not achieved. This finding is in contrast with the finding of Khanzadi and Behnood [15]. It 
should be noted that they used copper slag as limestone aggregate replacement, while in this 
study copper slag replaced the basalt aggregate. The latter material has a surface texture similar 
to copper slag and was coarser than the limestone aggregate.  
In addition to the comparable roughness between copper slag and basalt aggregate, the 
low water absorption of copper slag does not promote the higher compressive strength of UHPC 
containing copper slag. This result can be seen in Figure 5.2, in which the water absorption 
(EN-1097-6 [20]) of copper slag is less than half compared to basalt aggregate. This means that 
more water is available with increasing copper slag content in the mixture. Indeed this gives an 
advantage for the flowability of fresh concrete and the hydration process of binders. However, 
the unreacted water during the hydration process will lead to air cavities, so that the porosity in 
the concrete matrix may be increased. In the end, the expected higher interlocking of the copper 
slag in the concrete matrix is not obtained.  
 
5.4.1.1.2 Effect of vacuum mixing on compressive strength of UHPC 
The influence of vacuum mixing on the compressive strength of UHPC is also shown in 
Figure 5.8. It can be observed that the strength development of both UHPC under vacuum 
mixing and non-vacuum mixing between 7 and 28 days is higher than between 28 and 56 days 
for all replacement levels. For the early days of curing, the strength of UHPC under vacuum 
mixing is slightly higher than UHPC without vacuum mixing. This phenomenon is also 
obtained for the longer curing age (56 days), which shows a slight increase in average 
compressive strength of UHPC mixed under vacuum compared to UHPC mixed without 
vacuum. From these results, it can be stated that the effect of the vacuum technique to increase 
the strength of UHPC is limited. Similar to the RPC, UHPC is composed of fine particles, which 
spontaneously reduces the porosity of this concrete. In the end, applying vacuum mixing will 
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not have a significant effect on compressive strength because only remaining air bubbles can 
be removed. It can be noticed that the vacuum mixing used in this study cannot go to a pressure 
lower than 100 mbar so that it cannot entirely remove the air bubbles. The latter is the reason 
why some porosity is still present in UHPC microstructures, which will be discussed in the next 
section.   
 
 
 
Figure 5.8. The strength evolution of UHPC containing copper slag as basalt aggregate 
replacement (A-QCS): (a) vacuum mixing, (b) non-vacuum mixing 
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5.4.1.2 Influence of vacuum mixing and heat treatment on mechanical properties of 
UHPC containing SCS as cement replacement combined with QCS as aggregate 
replacement 
 
The results of compressive strength for UHPC containing copper slag as an aggregate 
replacement under vacuum mixing and without vacuum mixing are shown in the previous 
section. In this section, another type of copper slag (SCS) was ground intensively to achieve a 
similar fineness with cement. This SCS is used as cement replacement ranging from 0% to 20% 
in steps of 5%.  Vacuum mixing combined with the heat treatment is applied to this UHPC. 
 
5.4.1.2.1 Effect of copper slag (SCS) on mechanical properties of UHPC 
The result concerning the effect of copper slag (SCS) on the compressive strength of 
UHPC is given in Figure 5.9. It can be seen that the substitution of Portland cement by SCS in 
the UHPC had no significant impact on compressive strength for all curing ages. For UHPC 
under vacuum mixing + heat treatment, the highest compressive strength was achieved for 10% 
copper slag at 90 days of curing, which increased about 5% compared to the reference. For 
UHPC without vacuum mixing + heat treatment, the highest strength was obtained for 5% 
replacement level at later ages, which raised 4.9% in comparison with the control mixture. 
These findings are in accordance with the findings of [5, 6, 14] who also found a small 
beneficial effect of copper slag on the compressive strength. The fineness of copper slag used 
for UHPC (4542 cm2/g by Blaine permeability) was higher than the fineness of copper slag 
used by [5, 6, 14]. However, the highest possible strength is not yet achieved when using this 
slag in UHPC mixtures. In addition, Al Jabri and Shoukry [48] ground the copper slag for 2 
hours and used it for their mortar as cement replacement. This slag achieved an SSA about 
18400 cm2/g. They found that the compressive strength of mortar increased around 14.8% 
compared to the reference. The copper slag used by [48] is finer and more reactive than the 
copper slag used in this study. This is because the higher energy in the grinding process used 
by [48] has modified the morphology and texture of slag and made it more amorphous 
compared to the copper slag used in this study. From this result, it can be concluded that a 
higher energy in the grinding process of copper slag is required to achieve a significant effect 
on compressive strength. 
The results of flexural strength of UHPC containing SCS as cement replacement are 
shown in Figure 5.10. It seemed that the flexural strength of UHPC containing SCS under 
vacuum mixing + heat treatment and without vacuum mixing + heat curing was similar or even 
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better than the UHPC reference for all curing ages. For each treatment, the highest flexural 
strength was achieved for 15% copper slag under vacuum mixing + heat treatment at 90 days 
of curing and for 10% copper slag without vacuum mixing + heat treatment at later ages, which 
increased 10.3% and 9.8% compared to the reference, respectively. It can be noticed that all of 
the samples showed no detrimental effect on flexural strength when replacing the cement with 
copper slag (SCS) for all curing ages. 
5.4.1.2.2  Effect of vacuum mixing combined with heat treatment on mechanical 
properties of UHPC 
 
The result concerning the effect of vacuum mixing combined with heat treatment on the 
compressive strength of UHPC is also given in Figure 5.9. It can be seen that there is no negative 
effect on compressive strength when applying the vacuum mixing and heat treatment for all 
curing ages. It can be observed that the use of vacuum mixing combined with heat curing 
increased the compressive strength on average about 9.3%, 8.5% and 10.3%  for curing ages of 
7 days, 28 days and 56 days, respectively,  compared to non-vacuum mixing + heat curing as 
seen in Figure 5.11. From these results, it can be stated that the effect of vacuum mixing 
combined with heat treatment to increase the compressive strength of UHPC is limited, which 
also corresponds to the RPC results. The small effect of vacuum mixing + heat curing is related 
to the fine materials composing the UHPC which spontaneously fill the porosity of concrete 
matrix, leading to UHPC with less porosity. In addition, applying heat treatment will speed up 
the hydration process to form CSH gel. This is a reason why the compressive strength of UHPC 
at young ages increased significantly compared to UHPC without heat treatment as shown in 
Figure 5.9 in comparison with Figure 5.8. However, there is no further compressive strength 
improvement at the later ages after applying heat treatment at 90 0C. These findings are 
associated with the outcome of [49-52]. The heat curing facilitates the binders reaction in the 
early days. The cement releases a significant amount of the calcium hydroxide when applying 
heat curing. At the beginning of using heat treatment, the amorphous C-S-H phases transform 
to crystalline C-S-H phases. When the heat reaches the maximum temperature (90 0C), the 
crystalline C-S-H transforms to tobermorite and jennite [53].  
From Figure 5.10,  it can be seen that there is a slight increase in flexural strength when 
applying heat treatment after 7 days of curing. However, there is no further flexural strength 
development after 28 days of curing when applying heat treatment. From this result, it should 
be noticed that the strength increase after 7 days of curing for bending strength does not occur 
for the compressive strength. The flexural strength of UHPC under vacuum mixing combined 
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with heat treatment is slightly higher than UHPC without vacuum mixing + heat treatment. It 
can be observed that the flexural strength of UHPC under vacuum mixing increased about 
14.7%, 8.2%, and 10% on average for 7 days, 28 days, and 90 days of curing respectively, 
compared to UHPC without vacuum mixing + heat treatment as seen in Figure 5.11. The similar 
effect on flexural strength and compressive strength regarding vacuum mixing performance is 
associated with the fine particles composing the UHPC, which only leave a few air bubbles in 
UHPC mixtures to be removed after vacuum. 
 
 
Figure 5.9. UHPC compressive strength results of difference treatments (a) Heat 
treatment + vacuum mixing (A-QCS20-SCS), (b) Heat treatment without vacuum 
mixing (A-QCS-50-SCS) (error bars represent standard errors, the average values 
represent three replicates) 
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Figure 5.10. UHPC flexural strength results of difference treatments (a) Heat treatment 
+ vacuum mixing (A-QCS20-SCS), (b) Heat treatment without vacuum mixing (A-
QCS50-SCS) (error bars represent standard errors, the average values represent three 
replicates) 
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Figure 5.11. Enhancement in strength (vacuum mixing + heat treatment versus non-
vacuum  mixing + heat treatment) at 7 days, 28 days, and 56 days 
 
5.4.1.3 Porosity evolution of UHPC containing QCS and SCS 
5.4.1.3.1 Pressurization curve of UHPC and RPC during MIP 
As mentioned in Chapter 4, a pressurization curve can be obtained from the sample 
measured in function of pressure and volume. In this section, it is interesting to discuss the 
comparison of intrusion and extrusion curve of four concrete types which represent the porosity 
characteristics of concrete. Figure 5.12 shows that the lowest value of intrusion and extrusion 
was achieved for RPC under vacuum + heat treatment, while the highest values for 
pressurization and depressurization were obtained for UHPC without vacuum. In the previous 
chapter, the highest compressive strength was achieved for the RPC under vacuum mixing + 
heat treatment, whereas both RPC and UHPC without vacuum and heat treatment were the 
lowest in compressive strength. This finding is in accordance with the findings of [54-56]. From 
these results, it can logically be concluded that the strength and porosity are inversely 
proportional.  
From Figure 5.12, it can be observed that the amount of mercury trapped in the specimens 
decreased with decreasing porosity. Regarding the phenomenon of mercury trapped in the 
samples, Ritter and Drake [44] stated that this is related to the difference in the pressure-volume 
relationship during penetration and retraction. Feldman [57] found that the residual mercury in 
samples depends on the composition of samples. He also reported that the residual mercury is 
lower for blended cement pastes compared to the plain cement pastes. The current finding is in 
accordance with the finding of Feldman [57] mentioned above. Therefore, it can be concluded 
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that vacuum mixing combined with heat treatment has an advantage in reducing both the 
intruded volume and the trapped mercury.  
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Figure 5.12. Pressurization curve of: a) Vacuum + heat treatment of RPC (10% CS) ; b) 
Non-vacuum + heat treatment of RPC (10% CS) ; c) Non-vacuum + heat treatment of 
UHPC (A-QCS50-SCS5)  ; d) Non vacuum of UHPC (A-QCS50) 
 
5.4.1.3.2 Effect of copper slag as basalt aggregate replacement on porosity of UHPC 
In this section, the porosity evolution of UHPC containing copper slag will be discussed. 
In addition, the evolution of total porosity will be discussed, and capillary pores and entrained 
air voids will not be considered in this section.   
The evolution of porosity of UHPC containing copper slag as basalt aggregate 
replacement is seen in Figure 5.13(a) and (b). It can be seen that there is no significant effect of 
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ages, a slight decrease in porosity of UHPC with copper slag is seen compared to the control 
mixture, except for UHPC with 50% copper slag under vacuum mixing at 56 days.  
5.4.1.3.3 Effect of copper slag as cement replacement in case heat treatment is applied 
The effect of copper slag as cement replacement on the porosity of UHPC is shown in 
Figure 5.13(c) and (d). It can be seen that there was no significant contribution in porosity 
reduction of UHPC with copper slag for all curing ages, the porosity remained similar or slightly 
lower compared to UHPC reference when applying heat treatment. Indeed, the copper slag used 
in this study had a fineness comparable to cement. It was expected to obtain a significant 
contribution of this slag to strength enhancement as well as porosity reduction of UHPC. In 
addition to copper slag fineness comparable to cement, applying heat treatment was proposed 
to facilitate the reaction of copper slag. However, a significantly lower porosity is not achieved 
for UHPC containing copper slag. This finding is related to the insufficient fineness of copper 
slag used in this study. In other words, a higher fineness of copper slag is necessary to achieve 
a significant contribution to porosity reduction as obtained by [48].  
5.4.1.3.4 Effect of vacuum mixing in case without heat treatment is applied 
Figure 5.13(a) and (b) describes the porosity evolution of UHPC under vacuum (100 
mbar) or non-vacuum mixing (atmospheric pressure) without heat treatment. It can be observed 
that the effect of vacuum mixing in porosity reduction is limited or variable. This is related to 
the fine materials as UHPC composition which automatically generate a low porosity of this 
concrete. In addition, the vacuum mixer used in this study cannot go to very low pressure (e.g. 
50 mbar). It can be noticed that the porosity of UHPC under vacuum mixing and non-vacuum 
mixing significantly decreased in function of time which corresponds to the development of 
compressive strength as explained in section 5.4.1.2.  
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Figure 5.13. Evolution of total porosity of UHPC containing copper slag under different 
treatments : (a) Vacuum mixing (A-QCS), (b) Non-vacuum mixing (A-QCS), (c) 
Vacuum mixing with heat treatment (A-QCS20-SCS), (d) Non-vacuum mixing with heat 
treatment (A-QCS50-SCS) ; The average values of the total porosity are shown ± 
standard deviation from triplicates analysis 
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Figure 5.14. Evolution of bound water based on Rilem protocol 
 
 
5.4.2 The use of QCS and Clean slag  in UHPC  
5.4.2.1 Influence of vacuum mixing and heat curing on mechanical strength of UHPC 
containing copper slag as basalt aggregate replacement  
 
In this section, the aggregate was replaced by copper slag (QCS by volume) with the 
proportions of 0%, 10%, 30%, 50%. Vacuum mixing combined with heat curing was applied. 
Prisms (40 x 40 x 160 mm) were tested in triplicate to evaluate the compressive strength and 
flexural strength at the age of 7, 28 and 56 days.  
5.4.2.1.1 Influence of copper slag (QCS) as aggregate replacement on compressive 
strength of UHPC 
 
The evolution of compressive strength of UHPC containing copper slag as basalt 
aggregate replacement is seen in Figure 5.15. In general, it can be seen that there is no 
significant effect of copper slag (QCS) as an aggregate replacement on compressive strength of 
UHPC compared to the reference for all treatments. A small positive effect of QCS on 
compressive strength was only noticed for samples with non-vacuum mixing without and with 
heat treatment at an early age as seen in Figure 5.15(a) and (c). At later ages, the compressive 
strength of UHPC containing QCS was similar or slightly lower compared to the reference. For 
UHPC under vacuum mixing without and with heat treatment, no positive effect on compressive 
strength was obtained for the samples containing copper slag compared to reference. This 
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this study basalt is replaced. In addition, the surface texture of copper slag is comparable to 
basalt aggregate.  This could be the reason why no increase in compressive strength could be 
obtained due to the addition of QCS. 
5.4.2.1.2 Influence of vacuum mixing in the case without heat treatment on compressive 
strength of UHPC 
 
The evolution of compressive strength of UHPC under vacuum mixing is also shown in  
Figure 5.15. In general, there is no significant effect on compressive strength of UHPC under 
vacuum mixing compared to UHPC under atmospheric pressure as seen in Figure 5.15(a) and 
(b). A small positive effect is only achieved for the reference at 7 days and the mix with 10% 
copper slag at 56 days, for which the strength increased with about 9% and 7%, respectively. 
For other replacement levels, the compressive strength of UHPC under vacuum mixing was 
comparable or slightly lower compared to UHPC under atmospheric pressure. From these 
results, it can be concluded  that the effect of the vacuum technique to increase the strength of 
UHPC containing QCS is limited. The limited influence of the vacuum technique is related to 
the composition of the UHPC which automatically decreased the air voids before applying 
vacuum mixing. Another reason is that the lower water absorption of copper slag can leave 
more free water in the mixture. Even though vacuum mixing is applied to the mixture, the air 
voids cannot be totally removed since the vacuum mixing used in this study cannot go to the 
lowest pressure (e.g. 10 mbar). 
5.4.2.1.3 Influence of heat treatment on compressive strength of UHPC 
Figure 5.15 describes the evolution of compressive strength of UHPC under heat curing. 
It can be seen that the use of heat treatment had a significant effect on compressive strength of 
UHPC. It can be observed that heat treatment increased the compressive strength about 28% 
for UHPC under atmospheric pressure at young ages, while for later ages it was about 22% 
increased as seen in Figure 5.16. A significant effect on compressive strength also occurred for 
UHPC under vacuum mixing after applying heat treatment, for which the strength increased 
with about 24%, 26% and 20% at 7 days, 28 days, and 56 days of curing, respectively. It is 
often mentioned in the literature that applying heat treatment increases the degree of hydration 
of cement paste. Increasing temperature accelerates the formation of crystalline calcium silicate 
hydrates. When the temperature reaches 90 °C, the crystalline CSH transforms to tobermorite 
and jennite [53]. Heat treatment will reduce the porosity of the concrete such that it is able to 
withstand higher loads.  
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Figure 5.15. The compressive strength evolution of UHPC containing copper slag as 
basalt aggregate replacement (B-QCS): (a) non-vacuum mixing , (b) vacuum mixing, (c) 
non-vacuum + heat curing, (d) vacuum mixing + heat curing 
 
 
Figure 5.16. Enhancement in compressive strength (vacuum mixing + heat treatment 
versus non-vacuum  mixing + heat treatment) at 7 days, 28 days, and 56 days 
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5.4.2.1.4  Influence of copper slag on flexural strength of UHPC 
Figure 5.17 describes the effect of copper slag (QCS) as an aggregate replacement on 
flexural strength of UHPC. In general, there is no significant effect of copper slag on flexural 
strength of UHPC. It can be observed that a slight increase in flexural strength was obtained 
only for UHPC containing copper slag under atmospheric pressure at early days as seen in 
Figure 5.17(a). For later days, the flexural strength was comparable or slightly lower for UHPC 
made with copper slag. It should be noted that the enhancement in flexural strength is higher 
than the enhancement in compressive strength, which increased about 37% (10% CS) compared 
to the reference, while for compressive strength was only about 7% at 10% CS compared to the 
reference. This result confirms a small effect of copper slag on compressive strength of UHPC 
obtained in this study, which is caused by the finer grading of the copper slag compared to 
aggregate.  
 
5.4.2.1.5 Influence of vacuum mixing in case without heat treatment on flexural strength 
of UHPC 
 
Figure 5.17 also shows the influence of vacuum mixing on the flexural strength of the 
concrete. In general, the effect of vacuum mixing on flexural strength varies. For the reference 
mixture, a positive effect of vacuum mixing was achieved for all curing ages. For the 
replacement levels of 10% and 30%, there is no positive effect of vacuum mixing for all curing 
ages as seen in Figure 5.17(a) and (b). For the 50% replacement level, a positive effect on 
flexural strength was only obtained for 56 days of curing, whereas the flexural strength at 7 
days and 28 days decreased or was similar when applying vacuum mixing for UHPC. The 
limited influence of the vacuum technique is related to the composition of the UHPC. UHPC is 
composed of fine particles leading to a reduced porosity and thus limits the amount of air voids. 
Another reason can be due to the fact that QCS has a lower water absorption compared to basalt 
leading to more free water in the mixture.  
 
5.4.2.1.6  Influence of heat treatment on flexural strength of UHPC 
Figure 5.17 describes the evolution of flexural strength of UHPC under heat curing at 
three different curing ages. A significant effect of heat curing on flexural strength was obtained 
for both UHPC under atmospheric pressure and vacuum mixing at young ages. However, this 
was not the case for later ages, since the enhancement in flexural strength was only around 6% 
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and 5% for UHPC with or without vacuum mixing as seen in Figure 5.18. From these results, 
it can be stated that applying heat treatment to UHPC under atmospheric pressure and vacuum 
mixing was only beneficial for the strength at young ages.  Heat treatment encourages 
dissolution processes in cement pastes, which generates a better cohesion between fillers and 
the fine crystalline cement paste. As a consequence, heat treatment enhances compressive and 
flexural strength significantly [53]. 
  
  
Figure 5.17. The flexural strength evolution of UHPC containing copper slag as basalt 
aggregate replacement (B-QCS): (a) non-vacuum mixing, (b) vacuum mixing, (c) non-
vacuum + heat curing, (d) vacuum mixing + heat curing 
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Figure 5.18. Enhancement in flexural strength (vacuum mixing + heat treatment versus 
non-vacuum  mixing + heat treatment) at 7 days, 28 days, and 56 days 
 
5.4.2.1.7 Influence of vacuum mixing and heat treatment on porosity evolution of UHPC  
As mentioned in Chapter 4, the pore size distribution of concrete can be defined as three 
pore regions which are gel pores (< 0.0045 µm),  capillary pores (0.0045 µm - 0.50 µm) and 
macropores + entrained air voids (0.50 µm - 200 µm). To analyze the pore size distribution of 
UHPC, the author quantified and presented the evolution of porosity for the capillary pores and 
macropores since the gel pores with the size less than 0.007 µm could not be measured 
accurately in current research. In addition, the gel pores do not influence the strength of concrete 
adversely through their porosity. These pores are directly related to creep and shrinkage. 
Capillary pores and other larger pores, on the other hand, are responsible for reduction or 
increase in strength and elasticity, etc. [58]. 
Figure 5.19 shows the porosity evolution of UHPC containing QCS as an aggregate 
replacement under vacuum and non-vacuum mixing combined with heat curing. It can be 
observed that the addition of 50% QCS does not considerably influence the porosity of concrete 
compared to the reference mixture. In addition, the use of vacuum mixing had only influence 
on the reference mixture as the porosity decreased for both curing ages as shown in Figure 
5.19(b).  
A positive effect on porosity was achieved for UHPC under atmospheric pressure 
combined with heat curing. This result confirms the result obtained for compressive strength as 
mentioned in the previous section. It can be observed that heat curing decreased the porosity 
about 44% and 23% for the reference mixture and 50% QCS, respectively at 7 days of curing. 
For longer curing age, the reduction was 23% and 13% respectively.  
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Figure 5.19. Evolution of porosity of UHPC containing QCS as aggregate replacement 
(B-QCS): (a) non-vacuum mixing, (b) vacuum mixing, (c) non-vacuum + heat curing 
 
 
5.4.2.2 Influence of vacuum mixing and heat curing on mechanical strength of UHPC 
containing copper slag as basalt aggregate replacement and clean slag as cement 
replacement 
 
In this section, the mix with the best strength obtained for UHPC using QCS as an 
aggregate replacement will be used as a reference for UHPC made with Clean slag as cement 
replacement. Based on the results obtained in the previous section, the compressive strength of 
UHPC containing 50% copper slag was comparable to the reference for all treatments. This 
proportion will be combined with Clean slag as cement replacement ranging from 0 to 20% in 
steps of 5%.  
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5.4.2.2.1  Effect of Clean slag as cement replacement on compressive strength of UHPC 
Figure 5.20 describes the effect of copper slag as cement replacement on the compressive 
strength of UHPC at 7, 28, and 90 days. In general, the strength of UHPC increases with rising 
copper slag content in the concrete mixture. It can be observed that the effect of copper slag 
was higher for UHPC without heat treatment compared to UHPC under heat treatment. For 
UHPC without heat treatment, the highest compressive strength (155 MPa) was achieved for 
15% and 20% copper slag at 56 days, while for UHPC under heat treatment the highest 
compressive strength (174 MPa) was obtained for 20% copper slag at 56 days. Similar to 
previous findings, a significant effect on compressive strength also occurred for UHPC under 
heat treatment compared to UHPC under normal curing, which increased on average about 
23%, 13% and 14% at 7 days, 28 days and 56 days of curing, respectively. When considering 
heat curing a significant increase in strength is visible. However no significant increase is 
visible after longer curing ages, compared to its early strength. Heinz and Ludwig [59] had the 
same findings: there is no further strength development of UHPC with time after heat treatment 
at 90 °C. This finding can be explained by the fact that heat treatment accelerates the hydraulic 
and pozzolanic reaction of binders in the early days. 
Since the grinding process of Clean slag was longer than for the other types of copper 
slag used in this study, it is interesting to discuss the effect of this slag on compressive strength 
of UHPC compared to the reference. Figure 5.21 describes the effect of Clean slag on 
enhancement in compressive strength under atmospheric pressure without or with heat 
treatment. It can be seen that the compressive strength increased with increasing copper slag 
content for all curing ages. This achievement was not the case for SCS and QCS used as cement 
replacement for UHPM and RPC as mentioned in Chapter 3 and 4. It can be observed from 
those chapters the SCS and QCS are more effective only for strength enhancement at 7 days of 
curing, while, for later days of curing, the strength of concrete was comparable or slightly 
increased compared to the reference mixture. When comparing the fineness of all copper slags 
used in this study, the highest fineness was achieved for Clean slag (5713 cm2/g by Blaine 
permeability and 8580 cm2/g by laser diffraction), which was higher than the fineness of cement 
(4955 cm2/g by Blaine permeability and 5390 cm2/g by laser diffraction). This can be the reason 
why the Clean slag is more reactive than other slags and has more effect to increase compressive 
strength. Another reason is that this slag has less Zn and Pb contaminations, which prevents the 
retardation effect of these compounds. In comparison, the SCS and QCS have Zn content of 
6.6% to 8.8 wt%. However, when the heat treatment was applied, the compressive strength was 
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still increased with increasing copper slag content, but the effect of this treatment on strength 
development of UHPC containing copper slag was lower than for UHPC without heat treatment. 
This phenomenon might be attributed to the calcium-poor and siliceous-moderate Clean slag, 
which tends to consume less portlandite. It means that applying heat treatment does not help to 
release the siliceous components from slag since amount of this compound is limited. From 
these results, it can be stated that the Clean slag has a more significant effect on strength 
development of concrete in case no heat treatment is applied.  
 
 
 
Figure 5.20. The compressive strength evolution of UHPC containing Clean slag as 
cement replacement (B-QCS50-clean slag): (a) non-heat curing (b) heat curing 
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Figure 5.21. Enhancement of compressive strength by Clean slag: a) non-heat curing, b) 
heat curing 
 
 
5.4.2.2.2 Effect of Clean slag as cement replacement on flexural strength of UHPC 
Figure 5.22 depicts the flexural strength evolution of UHPC containing Clean slag as 
cement replacement. The result showed that the substitution of copper slag in the UHPC had a 
positive effect on flexural strength for all curing ages when heat curing was applied. For UHPC 
without heat treatment, the flexural strength decreased with rising copper slag at young ages. 
For longer curing ages (28 and 56 days), the flexural strength of UHPC was comparable or 
slightly higher than for the reference mixture. It can be observed that the highest contribution 
of copper slag to the flexural strength was achieved for 20% copper slag replacement level at 7 
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days of curing when applying heat treatment as shown in Figure 5.22. From this result, it can 
be noticed that the use of Clean slag seems beneficial as flexural strength is comparable or even 
higher compared to reference mixtures. 
 
 
 
Figure 5.22. The flexural strength evolution of UHPC containing Clean slag as cement 
replacement (B-QCS50-clean slag): (a) non-heat curing, (b) heat curing 
 
5.4.2.2.3 Effect of Clean slag as cement replacement on porosity of UHPC 
The evolution of porosity of UHPC containing Clean slag is presented in Figure 5.23. In 
general, the porosity decreased with increasing copper slag content for UHPC with or without 
heat treatment, which corresponds to the results of compressive strength obtained for UHPC 
using Clean slag as mentioned above. For all treatments, the total porosity decreased over time. 
When the heat treatment was applied, a small effect of copper slag was noticed since the 
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reduction of porosity was lower than for the UHPC without heat treatment. In addition, the use 
of heat treatment significantly reduced the porosity compared to UHPC without heat treatment 
as seen in Figure 5.23. This is due to the continued hydration process whereby CSH-gel fills up 
the larger capillary pores as shown in Figure 5.23 [38]. The total porosity slightly decreased 
after 7 days for UHPC under heat curing which means that the SCMs are activated sooner, 
leading to a low porosity at an early age. 
 
 
Figure 5.23. The evolution of UHPC containing Clean slag as cement replacement (B-
QCS50-clean slag): (a) non-heat curing, (b) heat curing 
 
5.4.2.2.4  Frattini test of Clean slag 
Due to the higher fineness achieved for the Clean slag after grinding intensively at 2 
hours, it is interesting to evaluate the pozzolanic activity of this slag using the Frattini test 
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according to [60].  In the previous findings (Chapter 3 and 4), the results of Frattini test for SCS 
and QCS show low pozzolanic activity at 15 days. In the current research, the Frattini test of 
Clean slag was performed at 28 days to assess the pozzolanic activity at later days. 
From Figure 5.24 it is clear that the reference mixture and the 5% Clean slag replacement 
were lying on or above the lime saturation curve. This indicates that no pozzolanic reactivity is 
present. The mixtures with 10% Clean slag replacement up to 20% Clean slag replacement are 
located below the lime saturation curve, indicating pozzolanic activity. 
The rate of the pozzolanic reaction at 40 °C is calculated by determining the consumption 
of the Ca++  ion at the second titration using Patton and Reeders indicator. The result can be 
seen in Figure 5.25. The amount of CaO reduction increases with the replacement level and 
reaches around 30% for the mix with 20% copper slag. This result corresponds to the strength 
results of UHPC containing Clean slag (section 5.4.2.2.1). The compressive strength of the mix 
with 5% Clean slag replacement did not differ much from the reference. The highest 
compressive strength at 28 days was found for 15 and 20% replacement levels. This relates to 
the CaO reduction as they have the highest reduction. 
 
Figure 5.24. Result of the Frattini test for Clean slag at 28 days 
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Figure 5.25. CaO reduction relative to the theoretical maximum for clean slag 
 
 
5.5  Leaching test 
 
Table 5.6 shows the result of the leaching test of UHPC containing 50% QCS as aggregate 
replacement + 20% SCS as cement replacement under atmospheric pressure (1000 mbar) 
without heat treatment and its comparison with the Indonesian Environmentally Regulation on 
the Management of the Waste of Hazardous and Toxic Materials (PP. no. 101/2014). This 
mixture was chosen because this concrete contains a high amount of copper slag.  Since the 
strength of UHPC without heat treatment was lower than  for UHPC under heat treatment, it 
can be assumed that the solidification of heavy metals from slag by cement in UHPC without 
heat treatment was also lower than for UHPC under heat treatment. The leachability of all 
elements is below the TCLP A or TCLP B as seen in Table 5.6. This means that according to 
waste management regulations, only a landfill without geomembrane is needed. This result 
indicates that the heavy metal ions may react with calcium hydroxide to generate insoluble 
metal hydroxides and stabilize it in UHPC. The use of atmospheric pressure without heat 
treatment technique seems beneficial to solidify the harmful elements from copper slag up to 
50% as aggregate + 20% as cement replacement.  
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Table 5.6. The crushed specimen leachability of different heavy metals  
Parameter Method Results (mg/L) 
TCLP  A 
(mg/L) 
TCLP B 
(mg/L) 
Arsenic (As) 
Cadmium (Cd) 
Chromium (Cr) 
Copper (Cu) 
Lead (Pb) 
Mercury (Hg) 
Zinc (Zn) 
Iron (Fe) 
Manganese (Mn) 
AAS Hydride 
AAS 
AAS 
AAS 
AAS 
AAS/Hg Analyzer 
AAS 
AAS 
AAS 
0.0023 
0.0050 
0.0051 
0.8200 
0.4890 
0.0008 
5.9300 
25.7600 
2.0101 
3.0 
0.9 
15 
60 
3 
0.3 
300 
- 
- 
0.5 
0.15 
2.5 
10 
0.5 
0.05 
50 
- 
- 
Heavy metal content ≥ TCLP A  = landfill category 1 (double geomembrane) ; TCLP A < 
Heavy metal content ≥ TCLP B = landfill category 2 (single geomembrane) ; Heavy metal 
content ≤ TCLP B =  landfill category 3 (without geomembrane).    
 
5.6  Conclusions 
An analysis of the effects of copper slag (QCS) combined with SCS or Clean slag in ultra-
high performance concrete under vacuum mixing and heat curing on mechanical strength and 
porosity are presented. The following conclusions can be made: 
1. The use of copper slag (QCS) as an aggregate replacement had no significant effect on the 
mechanical strength of UHPC for all treatments. This phenomenon is associated with a 
comparable roughness between copper slag and the basalt aggregate used in this study.  
2. By applying vacuum mixing to UHPC mixtures containing QCS, the porosity slightly 
decreased which had a small effect on the compressive strength of UHPC. 
3. The use of heat treatment has a significant effect on the compressive strength development 
of UHPC containing QCS for all curing ages, with an increase of 24%, 26% and 20% at 7 
days, 28 days, and 56 days of curing, respectively, whereas for flexural strength a high 
increase was only achieved at early age. 
4. The use of Clean slag seems beneficial as compressive and flexural strength are comparable 
or even better compared to reference mixtures, while a minimal effect on compressive 
strength of UHPC is obtained in the presence of SCS. This is related to the higher fineness 
of Clean slag compared to SCS, and the reduced contents of Zn and Pb which may retard 
the hydration reactions.  
5. Replacement of the cement by SCS reduced the amount of chemically bound water. While 
the Clean slag shows pozzolanic activity according to the Frattini test at 28 days of curing.  
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CHAPTER 6 
QUANTITATIVE ANALYSIS ON POROSITY OF 
REACTIVE POWDER CONCRETE BASED ON BACK-
SCATTERED-ELECTRON IMAGING AND GUI-
BASED MATLAB 
 
6.1 Introduction 
The main question for the development of reactive powder concrete is: how to quantify 
the porosity efficiently, accurately, and reliably. So far, there are many methods to determine 
the porosity, which are mercury intrusion porosimetry (MIP), air void analysis (AVA), 
fluorescence microscopy, computed tomography, and scanning electron microscopy (SEM). 
The latter method uses a common equipment which is invariably installed at every materials 
laboratory. In addition, backscattered electron (BSE) imaging has been widely used and became 
a standard for investigating the microstructure of concrete materials since it was first introduced 
by Scrivener and Pratt [1] about 30 years ago.  
Many researchers have studied the microstructure of cement paste or mortar using BSE-
SEM [2-7].  Werner and Lange [2] present a technique using an algorithm which combines a 
conventional grey-level thresholding method with a filtering process to segment the phases and 
to study changes in air void content of masonry mortars in contact with clay brick and concrete 
units. Diamond and Leemen [3] investigated the microstructure of cement paste by SEM image 
analysis. To quantify the degree of cement hydration, they assumed that the volume fraction of 
cement is equal to its area fraction. Lange et al. [4] proposed a method to segment regions of 
porosity from BSE images using grey level thresholding and compared to MIP. They 
applied one threshold value to every image after slight adjustments to the threshold.  They stated 
that the use of image analysis to investigate the pore size distribution (PSD) gave better results 
for measuring the large porosity in the microstructure. Scrivener et al. [5] stated that the 
quantification of porosity using the tangent-slope threshold method gave consistent results and 
was nearest to the manual threshold. However, for highly porous specimens, the method fails 
to quantify the upper threshold for pores and other thresholding criteria should be applied. 
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Thresholding by entropy maximisation was done by Kapur et al. [8], but unsatisfactory results 
were obtained as stated by Wong et al. [6] who presented another pore segmentation technique, 
making use of the intersection point of the cumulative brightness histogram, called the 
‘overflow 1’. Besides, they also considered a second threshold value called  ‘overflow 2’ and 
corresponding with the grey value obtained by multiplying ‘overflow 1’ with a factor of 0.9.  
Wong et al. [6] found that quantification of porosity in mortar using ‘overflow 1’ method gave 
results closest to the manual threshold method. The approach needs however to be validated 
with other pore-quantification techniques such as gas adsorption and MIP as suggested by the 
authors. Wong et al. [6] also noticed that this method could be correlated with the results of 
compressive strength and transport properties as an alternative way if other pore-quantification 
methods are not available. Dils [7] used the ‘overflow’ method developed by Wong et al. [6] to 
quantify the porosity of ultra-high performance concrete (UHPC). The background noise was 
excluded prior to analyzing the images. He noticed that the ‘MIP’ method underestimates the 
total porosity of UHPC compared to the overflow method. Based on the literature 
aforementioned, it can be concluded that there is little literature available discussing the 
quantification of the porosity of reactive powder concrete (RPC) based on back-scattered 
electron imaging. 
In the current research, the quantification of porosity of reactive powder concrete using 
backscattered electron (BSE) – scanning electron microscopy (SEM) in combination with GUI-
based Matlab was studied. 
 
6.2 Experimental program 
6.2.1 Materials and mix design 
 
The materials used in this research consist of CEM I 52.5 N HS/NA, secondary copper 
slag, silica fume (940U), sand (M31), quartz flour (M400) and superplasticizer (Glenium ACE 
30). The water-to-binder ratio of the mixes amounted to 0.185. This water-to-binder ration was 
chosen in order to produce reactive powder concrete (RPC). The sand has an average particle 
size (d50) of 0.31 mm. The details of the particle size distribution of the solid powders are shown 
in Figure 6.1.  
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Figure 6.1. Particle Size Distribution by Laser Diffraction of the Different Powders 
The slag used in this research was supplied by a Belgium Recycling Plant (Metallo 
Company). This company produces two types of slag, which are a slowly cooled broken copper 
slag (SCS) and a quickly cooled granulated copper slag (QCS). In this research, we used QCS 
as a cement replacement, which was intensively milled in a planetary ball mill to achieve a level 
of fineness sufficient to be used as supplementary cementitious material (SCM). The chemical 
compositions and the specific surface area (SSA) of the different powders are shown in Table 
6.1.  
Table 6.1. Chemical compositions determined by XRF and specific surface area of the 
different powders 
Chemical composition (%)  
and SSA (cm2/g)   Cement QCS 
Silica  
fume 
Flour 
(M400) 
CaO 
SiO2 
Al2O3 
Fe2O3 
MgO 
Na2O 
K2O 
SO3 
P2O5 
TiO2 
ZnO 
MnO 
Cr2O3 
CuO 
Pb 
 
Blaine permeability 
Laser diffraction 
63.7 
20.9 
3.6 
5.2 
0.8 
0.2 
0.6 
3.0 
- 
- 
- 
- 
- 
- 
- 
 
4955 
5390 
7.1 
25.9 
5.9 
45.5 
0.8 
0.8 
0.2 
0.4 
0.8 
0.3 
8.8 
0.7 
0.7 
0.4 
0.4 
 
2277 
2150 
0.6 
94.2 
1.0 
0.5 
0.7 
1.0 
1.1 
0.3 
0.1 
- 
- 
- 
- 
- 
- 
 
- 
56200 
0.02 
99.5 
0.2 
0.03 
- 
- 
0.05 
- 
- 
- 
- 
- 
- 
- 
- 
 
6500 
5444 
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The mix design of RPC mixtures is shown in Table 6.2. The cement is replaced by slag 
from 0 to 20 wt% in steps of 5%. A polycarboxylate ether superplasticizer (Glenium ACE 30 
con 30% solid) was used.  
Table 6.2. Mixture composition for RPC with slag 
Material  Reference 5% QCS 10% 
QCS 
15% 
QCS 
20% 
QCS 
CEM I 52.5 N HS/NA  
Copper slag (QCS) 
Silica fume (940 U) 
Sand M31 
Flour M400 
Glenium ACE 30 
Water  
(g) 
(g) 
(g) 
(g) 
(g) 
(g) 
(g) 
2550 
0 
800 
3507 
637 
99 
620 
2423 
127 
800 
3507 
637 
99 
620 
2295 
255 
800 
3507 
637 
99 
620 
2168 
382 
800 
3507 
637 
99 
620 
2040 
510 
800 
3507 
637 
99 
620 
 
6.2.2 Sample preparation  
In this study, the authors used a planetary vacuum mixer with a capacity of 5 liter. The 
procedure of mixing was based on [9, 10]. Cubes with the size of 100 x 100 x 100 mm were 
cast and cured  in a room at a relative humidity of 95 ± 5% and a temperature of 20 ± 2 oC for 
24 hours. After demoulding the samples, the heat treatment was carried out at constant 
temperature of 90 ± 3 oC in a sealed container for two days. The temperature increase from 
room temperature to  90 ± 3 oC was set at a speed of 0.2 oC/minute and should prevent the 
negative effects associated with a more rapid temperature increase like thermal cracking and 
presence of larger capillary pores [11]. The specimens were positioned 2 cm above a water bath. 
After 48 hours of heat curing, the specimens were cooled down to room temperature in 3 hours. 
Afterwards, the samples were cured again in a room at a relative humidity of 95 ± 5% and a 
temperature of 20 ± 2 oC  until the time of testing. 
After performing compressive strength tests on RPC at the age of 7, 28, and 56 days, the 
broken specimens with thickness more than 5 mm were collected and immersed in isopropanol 
for four days to stop the hydration. This thickness was chosen to leave enough remaining 
thickness of the specimens after polishing. Afterwards, they were dried under vacuum for one 
week to achieve constant mass. Then, the samples were impregnated under vacuum with epoxy 
for 24 hours. The samples were polished with SiC paper from coarser to finer (320, 500, 1200, 
2400 grit size) for about 1.5 min each and subsequently polished with diamond paste for about 
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4 min (3 and 1 µm) or 1.5 min (0.25 µm). A lubricant was used when polishing, and acetone 
was used to clean the polished samples. In the last stage, the samples were coated with carbon. 
Due to the fact that the materials composing the RPC have different shape and hardness, 
polished samples can show a relief, including micro cracks, after grinding with the coarse paper. 
The finer paper used to polish the samples in the last stage cannot fully compensate for it. 
Kjellsen et al. [12] stated that even though short polishing time is a solution to minimize the 
relief, this method can cause detrimental effects on backscattered electron imaging and X-ray 
microanalysis. Consequently, to maintain the microstructure, the samples were impregnated 
with epoxy resin before grinding and polishing [13, 14].  
6.2.3 Image acquisition 
In this study, the polished samples were investigated using a BSE detector in the scanning 
electron microscope with an acceleration voltage of 20 kV. The magnification was set at 350x. 
Three polished samples per RPC composition were prepared. Ten images were taken for every 
specimen, which means 30 frames for each composition. Zones with small cracks and black 
areas due to the carbon coating were avoided when capturing the images to guarantee the 
statistics. The typical pores which were analyzed were small air bubbles, hollow-shell pores 
and small-sand pores as seen in Figure 6.2.    
 
 
Figure 6.2. BSE-SEM image taken at magnification of 350 x (A = Sand ; B = small air 
bubbles ; C and D = hollow-shell pores ; E = small sand pores) 
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6.2.4 Image analysis 
6.2.4.1 Image processing method 
The method assumes an input in the form of a greyscale image represented as a two-
dimensional matrix with each element containing a number from 0 to 255 corresponding with 
the grey level at that particular point in the picture element (pixel). The value of 0 means total 
darkness, while the value of 255 represents total brightness. In this representation, pores are 
depicted by relatively small dark areas, as shown in Figure 3. The goal of our analysis is to 
identify these pores, and calculate both the pore area and the pore widths. The process is 
described in Figure 3 and discussed further. The resolution of the BSE analysis was 0.263 
µm/pixel. 
 
Figure 6.3. Pore area identification process. (a) Original image obtained from the device 
(b) Binary image obtained by thresholding, (c) Labeled components, different colors 
represent different identified components/pore areas (d) Histogram of pore areas, X-axis 
represents the area of the identified components, and Y-axis represents the frequency. 
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In order to achieve the goal, a greyscale threshold is determined to identify pore area from 
non-pore area. Given an image matrix I of size m×n and a threshold value of t, the image matrix 
I is transformed into a binary image B (Figure 6.3(b)) using the following rule: 
  B(i,j) = 1 if I(i,j) ≤ t and 0 otherwise, for all 1 ≤ i ≤ m and 1 ≤ j ≤ n 
After obtaining the binary matrix B, an identification of the pore areas is performed using 
the 8-connected neighborhoods method. This method simply assigns labels to connected 
components identified by their connectivity with respect to the pixels’ eight neighbors. Each 
area is then differentiated from the others by the connected labeling (Figure 6.3(c)). Using 
Matlab, this process can be described in 3 steps: 
1. Search for the next unlabeled pixel, p. 
2. Use a flood-fill algorithm to label all the pixels in the connected component containing 
p. 
3. Repeat steps 1 and 2 until all the pixels are labelled. 
After obtaining labeling for all pixels, the number of connected components (i.e. the 
number of pores) and the number of pixels in each component (i.e. the area of each pore) is 
counted. This number is then transformed using the image scale to the required unit (e.g. µm2). 
This information can also be used to generate the histogram of pore areas (Figure 6.3(d)). In 
this study, one pixel had an area equal to 0.069 µm2. 
 
6.2.4.2 Software Implementation 
In order to facilitate our analysis, we implemented the image analysis process into an 
executable Matlab program that automatically performs the method described above. The 
program is a GUI-based application that can be easily utilized by any user, by following the 
workflow as described below. The application interface is shown in Figure 6.4. 
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Figure 6.4. GUI-based Matlab application to perform image analysis 
 
The application is available to download freely from 
https://github.com/mushthofa/SEMPoreDetect. To perform the analysis as was being done in 
this paper, one would need to provide the images as obtained from SEM, and determine several 
parameters for the image analysis step, such as trimming width, binarization threshold, etc. One 
can also choose to perform analyses on individual images for tuning these parameters, or to 
perform a batch analysis on a set of images using a pre-determined set of parameters for 
analyzing a large set of images.  
 
6.2.5 Development of threshold method 
When capturing images by BSE, a variation in brightness is observed between subsequent 
images. Even a regular brightness adjustment will not allow to obtain exactly the same 
brightness for all images. This is due to several factors, such as 1) highly textured regions 
leading to a significant variation in the brightness of a pixel relative to adjacent pixels [2]; 2) 
influence of the chemical composition of the cement paste constituents causing a variation of 
grey colour intensity [15] and 3) manual polishing generating a difference in brightness level. 
Based on the factors aforementioned, it is problematic to quantify porosity using a single 
threshold value for the whole set of images analyzed.  
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Figure 6.5. Overflow method to determine the intersection point (A) and 
the proposed point (B) [6] 
 
In this study, the method used to quantify the porosity is based on the method developed 
by Wong et al. [6]. The intersection point (A) is obtained when plotting the total segmented 
area versus  grey level thresholding from the intersection between two linear segments as shown 
in Figure 5. This value can be considered as the upper level of thresholding for the porosity, but 
Wong et al. [6] stated that this point possibly overestimates the overflowing point and 
investigated also the use of  point E as upper threshold for the porosity. The grey value of point 
E is obtained by multiplying the grey value of the intersection point A by a factor of 0.9. The 
above process can be seen in Figure 6.6(a) and (c), where the yellow region represents the 
difference between points A and E. To analyze the images, in the current study the upper 
threshold (A) is obtained by the intersection point of the curve which plots porosity versus grey 
value threshold as mentioned above. Afterwards, the lower threshold is determined by a 
sensitivity threshold (B), which represents the grey value corresponding to an assumed 
minimum level of porosity of 1%. The difference between points B and Wong’s threshold E 
(called “overflow 2” by Wong) is illustrated as the blue region in Figure 6.6(b) and 6.6(d). 
Hereinafter, it is often mentioned that  the higher compressive strength of concrete is strongly 
related to its low porosity. In the previous study [10], the lowest total porosity of concrete 
measured by MIP was 1.12% and was obtained for RPC mixed under vacuum and heat-treated. 
The lowest total porosity of about 1% was also obtained by Dils [7] for RPC mixed and cured 
under these conditions. From the studies, it can be noticed that the lowest total porosity of RPC 
is close to 1%, which can therefore be used as the lowest value for the threshold in this study. 
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 From this point, proposed threshold 1 (Th1 or point C) is obtained by multiplying the 
summation of upper threshold (A) and point B with the value 0.5. The proposed threshold 2 
(Th2) or point D is obtained using the formula: 0.75 x upper threshold..  
The proposed method to determine the different overflow points as defined by Wong was 
explained above. In area segmentation, the intersection point represents a critical grey level at 
which a small increment in brightness threshold led to a sudden increase in the total segmented 
area (hence called “overflow”).  In this study, the intersection point is used as the upper 
threshold to determine threshold 1 and  threshold 2 as the proposed thresholds.  
Furthermore, the here proposed method divides the captured images in two groups, one 
of low and one of high brightness, respectively corresponding to low and high grey value 
thresholds. The porosity obtained by threshold 1 and 2 depends on the brightness level of the 
captured image. For the low brightness images studied in this research, the porosity obtained 
by threshold 1 is lower than threshold 2 as seen in Figure 6.6. While, in case of high brightness 
images, threshold 1 is higher than threshold 2. In this study, the limit between low and high 
brightness is taken at the level of upper threshold A of 96.5. This means that the porosity 
obtained by threshold 2 tends to be lower than threshold 1 if the upper threshold (intersection 
point A) reaches the 96.5. In this case, the use of the higher threshold may be more suitable to 
quantify the porosity. 
Figure 6.7 describes the development in porosity using proposed thresholding method as 
mentioned below. For figure 6.7a, the picture tends to be darker (low brightness). The low grey 
value thresholding can be used to calculate the porosity at this brightness level as seen in Figure 
6.7b-7d. In contrast, when analyzing the lighter images (high brightness level), the low grey 
value thresholding cannot be applied. This is due to the glaring effect since the dark color is 
covered by light grey, resulting in a low sensitivity image. In this case, the high grey value 
thresholding is more suitable to determine the porosity as shown in Figure 6.7f-7h.   
In literature, it is often mentioned that the aggregate particles disturb the normal packing 
of binder particles locally, creating an interfacial transition zone (ITZ) between cement paste 
and aggregate [16-19]. Thus, Attari et al. [20] and Gao et al. [21] excluded the pores from the 
image located in the ITZ around the aggregates to prevent errors when analyzing the porosity. 
However, in the current research, the author also counted the porosity in the ITZ including the 
pores located in the aggregates since we found small sand pores as seen in Figure 6.2. Kayyali 
  
 
  155 
Chapter 6  
[22] stated that a total porosity of 4.96 volume-% was measured by MIP for quartz. Hollow 
shell pores as first introduced by Hadley in 1972 [23] were also included. He stated that the 
hollow shell pores are established due to unstable hydrates in the cementitious powders 
boundaries. In the current research, hollow shell pores are still established although heat 
treatment at ± 90 °C was applied to speed up the hydration of binders.  
  
  
Figure 6.6. Development of proposed threshold method based on two different 
brightness levels: a, b: low brightness; c, d: high brightness (A =  intersection point; B = 
grey value at 1% of total porosity; C = 0.5 x (A+B); D = 0.75 x A) 
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  a) Low brightness image                                        b) Threshold 1 (Th. 44.90)               
    
  c) Threshold 2  (Th. 46.35)                                         d) Overflow Wong method (Th. 55.62) 
 
   
e) High brightness image                                             f) Overflow 1 (Th. 112.10)             
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g) Overflow 2 (Th. 99.15)                                          h) Overflow Wong method (Th. 118.98) 
 
Figure 6.7. Change in porosity assessment at variant threshold levels for two levels of 
image brightness 
 
 
6.2.6 Mercury intrusion porosimetry to determine RPC porosity   
To investigate the influence of vacuum mixing and heat treatment on the porosity, 
mercury intrusion porosimetry (MIP) was performed on the RPC samples. To preserve the pore 
structure of the specimens, the freeze-drying method was chosen instead of an oven-drying 
method. Looking into literature, Gale found that oven-drying at 60 °C and 105 °C was 
responsible for an increasing total porosity and a magnification of the critical pore size [24]. 
For the freeze-drying method, a smaller critical pore size was obtained. The samples for MIP 
have crushed particles with particle size between 5 and 10 mm. After putting these specimens 
in the liquid nitrogen for 5 minutes, the temperature was reduced to -195 0C. Afterwards, the 
samples were transferred into a freeze-dryer, and the temperature changed to -24 0C under 
vacuum condition and pressure of 0.1 Pa [25]. After four weeks, a constant mass was obtained 
(mass change less than 0.1% in 24 hours). After the period of freeze-drying, a sample of ± 1.40 
g was put into a dilatometer (Thermo Scientific corporation) to start the measurement. When 
starting this equipment, the dilatometer is filled with clean mercury, and the pressure 
incrementally increased to intrude the mercury in the samples. After reaching the maximum 
pressure (200 MPa), the mercury was incrementally extruded by lowering the pressure back to 
0.21 MPa. In this study, two types of MIP equipment were used in sequence. At first, the 140 
Pascal mercury porosimeter was used for the low pressure step to fill the larger pores of 
specimens from 0 to 0.20 MPa; then a high pressure step with the 440 Pascal mercury 
porosimeter was started to fill the smaller pores of specimens from 0.21 to 200 MPa. This 
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equipment can measure the pore sizes between 100 µm and 3.8 nm. In this study, forty-five 
samples per treatment were used to determine the porosity (three times three samples per mix 
composition). Two different treatments were considered. The value of the porosity is the 
average of three samples tested per age and per treatment. Based on this, it is reasonable to use 
the results of MIP to validate the results obtained by the proposed threshold method in current 
research. 
 
6.3 Results and discussions 
6.3.1 Development of threshold method 
All captured images by SEM were analyzed using the Matlab software according to the 
principles mentioned in the section 2.4. Besides porosity detection, this software can also 
determine the histogram of capillary pore distribution. Wong et al. [6] assumed that pores 
smaller than 10 pixels or with equivalent circular diameter of 0.9 µm (0.64 µm2) could be 
identified as noise and could thus be excluded from the quantification. Several researchers [26-
28] found that MIP can intrude in the cement paste pores smaller than 0.07 µm (0.004 µm2), 
which are identified as gel pores [29]. Therefore, in this study, the authors still included this 
size to quantify the porosity using GUI-based Matlab.  As illustrated in Figure 6.8, the pore area 
ranges from 0.07 µm2 to >500 µm2. It can be seen that the smallest pores (0.07-0.14 µm2) are 
well detected as shown also in Figure 6.8.  
 
Figure 6.8. Capillary pore distribution of RPC samples based on the SEM-BSE image 
analysis (The figure represents all the tested samples) 
 
The development of the threshold method for porosity compared to MIP is shown in 
Figure 6.9. To simplify the presentation of the results, the porosity of MIP is used as a reference. 
  
 
  159 
Chapter 6  
It can be seen that all results of the proposed threshold methods were higher than the reference. 
It can be observed that the overflow criterion according to the Wong method (point E) produced 
the highest porosity in this study compared to the two new proposed methods which are closer 
to the MIP results.  
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Figure 6.9. Cumulative average porosity of five RPC mixtures for three types of 
threshold method compared to MIP: a. Vac+HT at 7 days, b. Vac+HT at 28 days, c. 
Vac+HT at 56 days, d. Non-vac+HT at 7 days, e. Non-vac+HT at 28 days, f. Non-
vac+HT at 56 days 
 
6.3.2 Assessment of MIP method  
Several works about the relationship between strength and porosity of engineering 
materials have been reported by [30-34]. In addition, Xudong et al. [35] calculated the 
relationship between porosity and strength of concrete using several methods including 
Schiller’s model [33] and Ryshkewitch’s model [32] and found that there is an exponential 
relationship between strength and porosity of concrete. This phenomenon is seen in Figure 6.10. 
In general, it can be observed that the decrease in porosity from 2.53% to 1.12% (56%) 
enhanced the compressive strength with about 26% from 155 MPa to 196 MPa based on the 
exponential function (red line) as shown in Figure 6.10. For treatment of vacuum mixing + heat 
treatment the porosity (1.60% an average) decreased by 50% from 2.27% to 1.12% whereas the 
compressive strength increased by 10% from 177.61 MPa to 196.40 MPa. This achievement 
also occurred for non-vacuum mixing + heat treatment. The porosity for this treatment (1.99% 
on average) decreased by 42% from 2.53% to 1.47% and the compressive strength increased 
nearly 19% from 155.60 MPa to 184.04 MPa. Based on the findings aforementioned, it can be 
concluded that dramatic decreases in porosity only allow to achieve moderate improvement of 
compressive strength of RPC for both treatments. 
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Figure 6.10. Relationship between porosity determined by MIP and compressive 
strength 
 
   
 
 
Figure 6.11. Pore distribution of RPC at 56 days by MIP: a) Heat curing + vacuum 
mixing ; b) Heat curing + non vacuum mixing 
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6.3.3 Assessment of threshold method  
In order to assess the proposed overflow methods used by the authors in the current 
study, observation and analysis from literature is used. According to Dils [7], quantifying the 
porosity using overflow method proposed by Wong et al. [6] obtained more reliable results than 
MIP because the images obtained by SEM give a better approximation of the total porosity. In 
addition, the critical diameter of RPC under heat curing determined by MIP is not reached at 
200 MPa as seen in Figure 6.11. This finding means that the larger pores are not filled by the 
mercury because they are disconnected of the pore network or connected to the surface of the 
samples by pores with a diameter smaller than 7 nm [7]. The results obtained by Dils [7] show 
that the porosity of UHPC determined by SEM is more than 2.0 times the value obtained by 
MIP. However, this result is still debated because only two samples were compared between 
MIP and SEM. Therefore, in this study the porosity obtained by threshold 1 and 2 is plausible 
since they are higher than MIP results as seen in Figure 6.9.  
The pores characteristic of MIP and SEM are different from each other because MIP can 
only reach open pores, while BSE visualizes also closed pores. It is difficult to obtain a very 
good correspondence between the actual porosity values obtained by MIP and SEM even with 
the best threshold. Nevertheless, in  Figure 6.12, the coefficient of correlation (R2) between Th1 
or Th2 and MIP is 0.634 and 0.510, respectively. This means that there is a good positive 
correlation between the proposed threshold methods and MIP. In addition, the Th1 has a better 
correlation with the MIP method compared to Th2.  
  
Figure 6.12. Relationship between porosity obtained by MIP method and the proposed 
threshold methods (Th1 or Th2): a) Th1 vs MIP ; b) Th2 vs MIP 
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6.4 Conclusion 
Within this paper, the SEM-BSE method was applied in analyzing porosity of reactive 
powder concrete. This method is elaborated with GUI-based Matlab to calculate the porosity of 
captured images. The method proposed by Wong has been elaborated further to quantify the 
porosity and the method has been validated with MIP. Based on the results obtained, the 
following conclusions can be made: 
1. The new proposed method (threshold 1 and 2) provides porosity results that are closer 
to the MIP results than application of the overflow criterion of Wong. Still, the obtained 
porosities are higher than the ones obtained by MIP, but this can be logically explained.  
It can be a good alternative for investigating the porosity of reactive powder concrete 
when combined with GUI-based Matlab. 
2. A very good correspondence could not be obtained between MIP and threshold 1 and 2, 
due to the different sizes and characteristics of the pores that can be measured with BSE 
and MIP respectively (e.g. MIP can only reach open pores, while BSE visualizes also 
closed pores). 
3. Although the proposed overflow method performs well for the investigation of the 
porosity of RPC, by combining the result with other methods such as computed 
tomography, air void analysis, or fluorescence microscopy a more reliable result may 
be obtained.   
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CHAPTER 7 
INFLUENCE OF VACUUM MIXING ON THE 
CARBONATION RESISTANCE AND 
MICROSTRUCTURE OF REACTIVE POWDER 
CONCRETE CONTAINING SECONDARY COPPER 
SLAG AS SUPPLEMENTARY CEMENTITIOUS 
MATERIAL (SCM)  
 
This chapter have been published in  Edwin, R.S, Gruyaert, E., Dils, J., De Belie, N. (2017). Influence 
of vacuum mixing on the carbonation resistance and microstructure of reactive powder concrete 
containing secondary copper slag as supplementary cementitious material (SCM), 3rd SCESCM – 
International Conference on Sustainable Civil Engineering Structures and Construction Materials, 5-7 
September 2016, Bali, Indonesia, Procedia Engineering, 171, 534-542. 
 
7.1. Introduction 
Reactive powder concrete (RPC) is a type of ultra-high performance concrete which is 
developed with higher packing density by using various powders and very fine aggregate (sand) 
instead of coarse aggregate. The production of this concrete needs a huge amount of cement to 
improve the concrete strength, which implies high cost. Concrete with higher cement content 
can cause high heat generation from cement hydration and this phenomenon can lead to the 
formation of micro-cracks, which will allow liquids and gases (e.g. CO2) to penetrate into 
concrete. In the end, ingress of CO2 will accelerate carbonation in concrete and it will cause the 
deterioration of reinforced concrete [1]. As a consequence, the service life of the concrete 
structures will decrease. Although, due to the high cement content, not all of the cement is 
perfectly hydrated, the large amount of portlandite in the concrete matrix has potency to react 
with CO2 to generate CaCO3. The process of portlandite carbonation is fast, e.g. more than 80% 
carbonation of Ca(OH)2 would be achieved after 2 hours contact with liquid CO2 at ambient 
temperature [2]. In order to overcome this problem, the use of secondary copper slag as cement 
replacement and vacuum mixing are investigated in this paper, as a means to reduce the porosity 
and minimize potential concrete carbonation.  
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One measure to obtain a void-free mixture is to use an intensive vacuum mixing in which 
this mixer can remove air content. A void-free mixture contributes to the strength and service 
life of concrete. This is confirmed by the results of Dils et al. [3]. They concluded that the 
compressive strength increases when the air content decreases in the UHPC mixture.  
Typical by-products that are already widely used in concrete are e.g. fly-ash and blast-
furnace slag. Copper slag is one of the by-product materials from the copper smelting. Every 
year, about 24.6 million tons of copper slag are produced by the copper industry throughout the 
world [4]. In Europe, approximately 5.56 million tons of copper slag are generated by the 
European copper industry [4], and in Belgium, about 132,240 tons of secondary copper slag are 
produced in recycling plants annually [5, 6]. Since this material needs a large area for 
landfilling, of which the availability is insufficient, and to avoid problems related to the leaching 
of heavy metals and other harmful elements, it would be interesting to upgrade these ‘waste’ 
products in high-value applications. Moreover, the amount of natural resources is declining due 
to a large consumption in the cement and concrete production. A possible breakthrough can 
thus be sought in exploiting these by-products within cement and concrete production. This 
chapter presents the influence of vacuum mixing on carbonation and microstructure of RPC 
containing copper slag as cement replacement. The Chapelle test was chosen to assess the 
pozzolanic activity of secondary copper slag.  
 
7.2. Material and experimental procedure 
7.2.1. Material 
The materials used in this study were purchased from Belgian and German companies 
except for the secondary copper slag, which was obtained from a Belgian Recycling Plant. The 
secondary slag used in this research was quickly cooled granulated copper slag (QCS). This 
slag was produced by using primary slag from Cu such as old copper tubes, wires, scraps, 
cables, alloy coins, plated coins and Cu-Fe (shredded) armatures as raw materials to generate 
copper blister, copper anodes, and copper cathodes for industry and market. Another binder 
used in this research was dry undensified silica fume (940U, Elkem), which has a typical bulk 
density of 200-350 kg/m3. As cement, a CEM I 52.5 N HSR/LA was used throughout all 
experiments. For all concretes, a quartz flour (type M400, Sibelco) with a d50 of 12 µm was 
used. An overview of the chemical composition of the powders is given in Table 7.1. 
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Table 7.1. Chemical Composition of the Applied Powders Determined by XRF Analysis 
[wt.%]  
Material QCS Cement Silica fume 
Quartz flour 
(Qtz) 
CaO 
SiO2 
Al2O3 
Fe2O3 
MgO 
Na2O 
K2O 
SO3 
P2O5 
TiO2 
ZnO 
MnO 
Cr2O3 
CuO 
Pb 
7.1 
25.9 
5.9 
45.5 
0.8 
0.8 
0.2 
0.4 
0.8 
0.3 
8.8 
0.7 
0.7 
0.4 
0.4 
63.4 
21.5 
3.6 
4.2 
1.6 
0.2 
0.6 
2.5 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.6 
94.2 
1.0 
0.5 
0.7 
1.0 
1.1 
0.3 
0.1 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
0.02 
99.5 
0.2 
0.03 
n/a 
n/a 
0.05 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
 
Since the copper slag obtained by the recycling plant was in granulate form, the size of 
this slag has to be reduced to achieve a product with a higher specific surface area (SSA). The 
selection of the appropriate method of grinding should be based on the physical properties of 
the materials. Copper slag has a toughness of 6-7 Mohs hardness and is mainly composed of 
iron silicate glass [4, 7]. Therefore, there will be a high energy need to grind this material. In 
the grinding process, the energy is determined by the time, speed, and number of balls charged. 
Based on the results obtained by Edwin et al. [8], the SSA of QCS was 2533 cm2/g with the 
Blaine permeability test. This result can be achieved using the dry method, long duration of 
grinding (5 times during 12 minutes at 300 rpm) and 5 balls charged. This grinding process was 
time-consuming and not very productive. In order to reduce the time for the grinding process, 
the authors now chose a short duration (6 times during 5 minutes at 390 rpm) and 7 balls 
charged. This method reduced the grinding time with 30 minutes in comparison with that of the 
long duration method. With the increase in grinding speed and addition of two balls in this 
method it was expected to achieve a similar fineness as with the grinding method 
aforementioned. Besides, copper slag tends to be re-compacted when applying a dry method. 
These are the reasons to choose a wet method instead of dry method. A superplasticizer (Sika 
Viscocrete-3095x; 0.122 wt%) was chosen to avoid re-compaction. After the grinding process, 
the particle size distribution (PSD) of copper slag powder was measured by laser diffraction 
within the size range from 0.1 µm to 1000 µm. The particle size distribution of copper slag, 
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silica fume, and quartz flour obtained by laser diffraction is given in Figure 7.1. To disperse 
this material, isopropanol was used since it does not react with copper slag. To avoid 
agglomeration, the copper slag was put in a sonication bath (5 min) before the measurement. In 
case of silica fume, distilled water was used as dispersant. In order to obtain well de-
agglomerated silica fume, this material was sonicated in two steps. At first, the solution 
containing silica fume and water was put in an ultrasonic bath for 5 minutes to de-agglomerate 
the particles. After this, 10% superplasticizer by weight of silica fume was added followed by 
sonication for 15 minutes prior to measurement. An overview of the parameters used to 
determine the PSD of the SCMs, cement, and quartz by laser diffraction can be seen in Table 
7.2.  
 
Fig. 7.1. Particle Size Distribution by Laser Diffraction of the Different Powders 
In addition to the PSD by laser diffraction, the fineness of the binders was evaluated by 
their specific surface area (SSA) using the Blaine air permeability test according to [9]. To start, 
the pycnometer method was used to measure the density of all powders. Both the density and 
SSA of the powders are presented in Table 7.3. 
 
Table 7.2.  Overview of the Parameters Applied to Determine the PSD of the Different 
Powders by Laser Diffraction 
Optical parameters QCS Silica fume CEM I Quartz flour (Qtz) 
Refractive index (RI)  [-] 
Absorption coefficient [-] 
Obscuration [%] 
Stirrer rate [rpm] 
Dispersant RI [-] 
Sonication times [minutes] 
1.731 
0.055 
10 - 15 
1700 
1.390 
5 
1.530 
0.001 
5 - 10 
1500 
1.390 
20 
1.731 
0.003 
5 – 10 
1500 
1.390 
5 
1.55 
0.3 
5 – 10 
1700 
1.390 
5 
0
1
2
3
4
5
6
7
8
0.1 1 10 100 1000
V
o
lu
m
e 
[%
]
Particle size [µm]
Qtz
Undensified SF
Cement HSR/LA
QCS
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Table 7.3. Density and SSA of the Different Powders 
Materials QCS CEM I Silica fume Quartz flour (Qtz) 
Density (g/cm3) 3.706 3.152 2.017 2.65 
SSA (cm2/g) : 
Blaine permeability 
Laser diffraction 
 
2277 
2150 
 
4955 
5390 
 
- 
56200 
 
6500 
5444 
 
 
7.2.2. Mix design and mixing procedure 
RPC mixes containing secondary copper slag in percentages of total binder ranging from 
0 to 20% in steps of 5% were produced. A very low water-to-binder ratio (w/b = 0.185) was 
chosen in this study. The composition for this concrete is based on the RPC mix recipes as 
shown in Chapter 4 (Table 4.4) [10]. 
In this research, the authors used a planetary vacuum mixer with a capacity of 5 liter. The 
procedure of mixing follows the method shown in Dils, et al. [11].  First the dry materials were 
poured in the inclined drum. They were mixed during 15 s at 255 rpm. Afterwards, the water 
and superplasticizer were dosed. After the non-vacuum phase, the maximum speed mixing (910 
rpm) was started for 150 s and at the same moment the vacuum phase was applied for 270 s. In 
the last 120 s of the vacuum phase, the speed was reduced to 255 rpm. In the case of non-
vacuum mixing, the same method was applied after dosing the water and superplasticizer, with 
the mixer set at atmospheric pressure (1013 mbar).  
 
7.2.3. Carbonation depth and mercury intrusion porosimetry (MIP) 
After mixing, the fresh concrete was cast in molds with dimensions of 40 mm x 40 mm x 
160 mm. Subsequently, they were stored for 2 days at 20 ˚C and RH > 95%. Afterwards, the 
specimens were removed from the molds and cured at 20 ˚C and RH > 95% for 90 days. Before 
the start of the accelerated carbonation test, a freshly split surface of the samples was sprayed 
with 1% phenolphthalein in 70% ethyl alcohol to obtain the initial value of the carbonation 
depth. Five surfaces of the samples were coated with epoxy, leaving one surface exposed in a 
climate chamber (20 ± 2°C, 60 ± 5% RH) to 10% CO2. The carbonation ingress was measured 
with phenolphthalein after 4, 8, 16, and 48 weeks on a freshly split RPC section perpendicular 
to the exposed surface.  
To investigate the influence of vacuum mixing on the porosity, mercury intrusion 
porosimetry (MIP) was performed on the RPC samples. In order to preserve the pore structure 
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of the specimens, the freeze-drying method was chosen.  The specimens for MIP are defined as 
crushed particles with particle size between 5 and 10 mm. After putting these specimens in 
liquid nitrogen for 5 minutes, the temperature of the sample was reduced to -195 0C. Afterwards, 
the samples were transferred into a freeze-dryer and the temperature changed to -24 0C under 
vacuum condition and pressure of 0.1 Pa [12]. After four weeks, a constant mass was obtained 
(mass change less than 0.1% in 24 hours). After the period of freeze-drying, a sample of ± 1.40 
g was put into an MIP dilatometer (Thermo Scientific corporation) to start the measurement. 
The mercury was intruded into the specimen and extruded after reaching the maximum 
pressure. This  porosity measurement of the sample was determined using 140 Pascal for the 
low pressure and 440 Pascal for the high pressure.  
 
7.2.4. Thin section preparation 
After the final stage of CO2 exposure in the carbonation chamber (48 weeks), the sample 
was cut to a dimension of 40 x 30 x 20 mm (including the exposed outer surface) and 
impregnated under vacuum with epoxy. Afterwards, the sample was polished to remove the 
excess of epoxy and 0.01 mm of the concrete surface and glued onto a 30 x 50 mm glass plate. 
Finally, the sample was cut parallel to the glass plate and polished to a thickness of 20 µm for 
microscopic observation.  
 
7.3. Results and discussions  
7.3.1. Carbonation depth  
7.3.1.1. Phenolphthalein method 
The carbonation depth for both the samples mixed under vacuum condition (100 mbar) 
and atmospheric pressure (1013 mbar) which was measured on a freshly split RPC surface using 
1% phenolphthalein in 70% ethyl alcohol shows no carbonation up to 48 weeks, as seen in 
Table 7.4. Both the reference RPC and the mixtures with copper slag show zero carbonation, 
as also shown in Table 7.4. These results confirm that concrete with low porosity and very 
dense microstructure has an excellent carbonation resistance [13, 14]. The CSH gel will fill the 
concrete pores and limit the CO2 penetration into the concrete. However, the effect of the 
vacuum mixing and copper slag replacement on the carbonation of RPC is unclear since there 
is no carbonation detected even in non-vacuum mixing and reference mixture. Therefore, long-
term exposure in a climate chamber is required for RPC to determine the effect of vacuum 
mixing and copper slag replacement on the carbonation resistance. 
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Table 7.4. Results of carbonation test on RPC containing copper slag 
Exposure 
time 
Reference 5% CS 10% CS 15% CS 20% CS 
Vac NV Vac NV Vac NV Vac NV Vac NV 
4 weeks ND ND ND ND ND ND ND ND ND ND 
8 weeks ND ND ND ND ND ND ND ND ND ND 
16 weeks ND ND ND ND ND ND ND ND ND ND 
48 weeks ND ND ND ND ND ND ND ND ND ND 
Note. ND = no carbonation detected 
 
 
7.3.1.2. Microscopic observation 
Since the carbonation profile of RPC under vacuum mixing or non-vacuum mixing was 
zero as mentioned above, it is interesting to further investigate the carbonation using optical 
microscopy. Images of the thin section were captured under crossed polars with the 
magnification of 1.6x, which can distinguish the carbonated and non-carbonated zones by the 
colour.  
Figure 7.2 shows the microscopic observation of the selected RPC mixture under vacuum 
and non-vacuum mixing. It can be seen that all of the samples show no carbonation both near 
the surface and deeper down. This can be explained by the fact that the samples have extremely 
low porosity which hinders CO2 penetration into the concrete. These findings seem promising, 
however it is necessary to further investigate the carbonation for longer-term exposure (e.g. 
more than 96 weeks) in order to better assess the effect of copper slag and vacuum mixing on 
carbonation resistance. In addition, the service life of concrete can then be estimated.  
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Figure 7.2 Visualization of the selected RPC mixture by optical microscopy: 0% and 
20% copper slag and vacuum mixing (top left and right) ; 0% and 20% copper slag and 
non-vacuum mixing (bottom left and right) 
 
 
7.3.2. Mercury intrusion porosimetry and compressive strength 
Figure 7.2 describes the effect of vacuum mixing on the porosity of RPC containing 
copper slag as cementitious material. In general, the porosity of RPC mixed under vacuum (100 
mbar) and at atmospheric pressure (1013 mbar) decreased with rising copper slag content in the 
RPC mixture at 56 days in comparison with the reference mixture without copper slag. The 
lowest porosity (4.91%) was achieved for RPC with 15% copper slag replacement under 
vacuum mixing, which decreased about 18.4% compared to the reference specimens. This 
achievement also occurred for 15% copper slag substitution under non-vacuum condition, 
which induced a decrease of about 11.4% in porosity compared to control mixtures.  
The influence of vacuum mixing on the compressive strength of RPC containing copper 
slag as cement replacement is shown in Figure 7.3. It is seen that the strength of RPC under 
vacuum condition increases with rising copper slag substitution up to 10%  and then decreases. 
The highest compressive strength (158 MPa) is achieved for 10% copper slag.  However, this 
achievement is contradictory with the result of RPC non vacuum, which is similar or (slightly) 
lower for the RPC with copper slag than for the reference mixture.  
Based on the results obtained in Figure 7.2 and Figure 7.3, it is necessary to study the 
influence of vacuum mixing on the porosity reduction and the strength enhancement of RPC 
containing copper slag.  
The influence of vacuum mixing on the reduction of porosity is the highest for the 
mixtures with 20% copper slag replacement. A decrease of about 22% is seen (Figure 7.4). 
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Nonetheless, the RPC mixtures with 5% and 10% copper slag replacement showed low porosity 
reduction because of vacuum mixing, which was less than for the reference mixture. From this 
result, it can be stated that the effect of vacuum mixing on the porosity of RPC mixtures 
containing small amounts of copper slag is limited. For higher amount of copper slag 
replacement, the vacuum mixing contributed more to reduce the porosity of RPC. This 
achievement is mainly caused by the physical properties of copper slag. Looking into the 
literature, the angular sharp edges of the copper slag can improve the cohesion of the concrete 
matrix [15-18]. This property has the ability to fill out the air cavities which are removed by 
vacuum mixing. Nevertheless, due to the differences in homogeneity and complexity of the 
pore structure, the pore cavities of RPC cannot be successfully filled by copper slag, leaving 
certain amount of unfilled porosity.  
 
 
Figure 7.2. Influence of mixing procedure (vacuum condition (100 mbar) and 
atmospheric pressure (1013 mbar)) and copper slag replacement on the porosity of RPC 
at 56 days (error bars represent standard errors, the average values represent two 
replicates) 
 
 
Figure 7.3. Strength of RPC mixed under vacuum (100 mbar) and atmospheric pressure 
(1013) at 56 days (error bars represent standard errors, the average values represent 
three replicates) 
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Figure 7.4. Relative influence of vacuum mixing versus mixing at atmospheric pressure 
on the porosity and strength enhancement of RPC at 56 days 
 
 
The RPC with 0% copper slag showed a compressive strength of 148 MPa when mixed 
under atmospheric conditions and 147 MPa under vacuum. The strength enhancement for mixes 
with larger replacement levels (15% and 20%) due to vacuum condition was lower than for 
mixes with a small quantity of copper slag replacement (5% and 10%), as shown in Figure 7.4. 
This result is contradictory with the porosity reduction under vacuum mixing, which was the 
highest for 15% and 20% copper slag replacement. This finding is also in contrast with the 
result obtained by Chen et al.[19]. In their research, they proposed a model relationship between 
compressive strength and porosity. They concluded that the compressive strength of cement 
mortar was increased with decreasing porosity. The current finding can easily be explained by 
the fact that the increase in compressive strength of concrete is not only caused by porosity 
reduction, but it is also determined by CSH gel generated during the hydration process. The 
latter provides a strong bond in concrete matrix. Moreover, vacuum mixing only contributes to 
reduce the porosity of RPC. Copper slag reacts with the portlandite to produce CSH gel. Due 
to the insufficient fineness of this slag, only a small amount of copper slag reacts to generate 
CSH gel. This can also be explained by the fact that only around 35% of calcium oxide (CaO) 
is consumed by copper slag in the Chapelle test, as seen below in Figure 7.5. For larger 
replacement levels (e.g. 15% and 20%), the amount of CSH gel does not increase, leaving 
certain amount of unreacted copper slag in concrete matrix. The copper slag shows angular 
sharp edges, and it will contribute as filler in the concrete matrix. This is the reason for 
decreasing the porosity of RPC containing higher amount of copper slag.  
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From Figure 7.4, it can be stated that the porosity reduction under low air pressure for 
higher amount of copper slag replacement is double than that of the RPC containing small 
amount of copper slag. In contrast to the porosity reduction, the strength enhancement for larger 
replacement levels (15% and 20%) under vacuum mixing is halved compared to low 
replacement levels.   
 
7.3.3. Chapelle test 
The results of the Chapelle test are shown in Figure 7.5. In this study, the result of the 
reference indicated that a significant amount of portlandite had reacted although the system was 
built to avoid carbonation. Based on the amount of portlandite carbonated in the reference 
system, a formula is used to correct the results of the mixes with copper slag  and quartz powder 
(Snellings et al. 2015) :  
 
-.// =
01234201567
01801567
                       (7.1) 
 
where  
CHcorr is the corrected consumed calcium hydroxide. 
CHcalc is the calculated consumed calcium hydroxide. 
CHref is the consumed calcium hydroxide for the reference. 
CHi is the initial calcium hydroxide. 
 
Looking into the literature, the amount of portlandite consumed by copper slag in this 
research was lower than for the three pozzolanic materials (metakaolin, fly ash and natural 
pozzolans) used in Snellings and Scrivener [20]. This is mainly due to the different chemical 
composition of the SCMs used by the author and Snellings and Scrivener [20]. The chemical 
reaction rate to form C-S-H gel is determined by the calcium and siliceous content in SCMs. 
The calcium-poor and siliceous-rich fractions of pozzolans (metakaolin, fly ash, and natural 
pozzolans) rapidly consume large amounts of portlandite. Conversely, the calcium-poor and 
siliceous-moderate secondary copper slag used in the current research tends to consume less 
portlandite. 
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Figure 7.5. Amount of Ca(OH)2 consumed for different types of powder 
 
 
7.4. Conclusions 
 
Concerning the effect of vacuum mixing on carbonation and microstructure of RPC 
containing secondary copper slag as cementitious material, the following conclusions can be 
drawn : 
1. A zero level of carbonation is found for RPC containing copper slag and mixed under 
vacuum and at atmospheric pressure. This is mainly caused by the low porosity and the very 
dense microstructure of RPC which increase the resistance against carbonation. 
2. By applying vacuum mixing to the RPC mixture, the porosity decreased. The reduction is 
higher with increasing (15-20%) copper slag content. This result is in contrast with the 
compressive strength enhancement of RPC, which decreased for larger replacement levels 
of copper slag. 
 
Assessment of the pozzolanic activity using the Chapelle test indicates low pozzolanic 
activity of secondary copper slag used in this research. This phenomenon indicates that the 
amount of CSH gel produced during copper slag hydration is limited. However, the porosity 
reduction of RPC is enhanced by the physical properties of copper slag. 
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CHAPTER 8 
CONCLUSIONS AND PERSPECTIVES  
 
8.1. Main research findings 
Since cement manufacturing consumes an enormous amount of energy (including fossil 
fuels) and releases greenhouse gases to the atmosphere, the use of excellent by-products as 
supplementary cementitious material significantly reduces the production cost of concrete and 
simultaneously contributes to a sustainable cement industry. Copper slag is one of the by-
products from mining industry or recycling plants, which contains a moderate amount of SiO2 
and Fe2O3 and a lower amount of CaO. These oxides are pozzolanic compounds which can 
possibly react when combined with OPC to generate CSH gel.  
In this study, the secondary copper slag was used as cement and aggregate replacement 
in ultra-high performance concrete (UHPC). Three different methods of grinding were applied 
to the copper slag to achieve different levels of fineness in order to assess the effect of fineness 
on the reactivity of the copper slag. Besides this, the effect of vacuum mixing and heat treatment 
on strength, porosity and carbonation resistance of concrete with copper slag were investigated. 
In the current PhD thesis, after completing the research, the following main research findings 
were obtained.  
 
8.1.1 Pozzolanic activity  
The copper slag has low pozzolanic activity determined by Chapelle test and Frattini test. The 
calcium-poor and siliceous-moderate secondary copper slag used in this study tends to consume 
a low amount of portlandite.  
When comparing different fineness levels for the same type of copper slag, the finer copper 
slag used in this study has consumed more CaO compared to the coarser one. This result 
corresponds to the results of concrete using copper slag with different fineness, in which for the 
same type of copper slag, increasing the specific surface area of copper slag is more effective 
for strength enhancement of concrete.  
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A promising result is obtained for clean slag which shows pozzolanic activity according to the 
Frattini test within 28 days of curing after applying a higher energy for grinding the slag. The 
latter result is achieved when the fineness of slag is comparable to or slightly higher than cement 
fineness. 
 
8.1.2 Mechanical strength  
The substitution of Portland cement by quickly cooled or slowly cooled copper slag (QCS or 
SCS) in the UHPC had no significant impact on compressive and flexural strength for all curing 
ages. However, a positive effect on the compressive strength of UHPC was achieved by 
increasing the fineness of copper slag. From these results, it can be noticed that the copper slag 
(QCS or SCS) with higher specific surface area (SSA) is more effective for strength 
enhancement compared to copper slag with lower SSA. The use of heat treatment has a 
significant effect on the strength development of UHPC at early days, whereas vacuum mixing 
has only a very limited effect on compressive strength for all curing ages. This is due to the 
very low amount of air voids in UHPC.  
The use of copper slag (QCS) as an aggregate replacement had no significant effect on the 
mechanical strength of UHPC for all treatments. However, a small positive effect of QCS on 
compressive strength was noticed for samples with non-vacuum mixing without and with heat 
treatment only.  
The use of clean slag as cement replacement seems beneficial as compressive and flexural 
strength are comparable or even better compared to reference mixtures. This is related to the 
higher fineness of clean slag compared to SCS or QCS, and the reduced contents of Zn and Pb 
which may retard the hydration reactions 
 
8.1.3 Porosity evolution 
The addition of copper slag as cement replacement and application of vacuum mixing has a 
limited effect on the porosity of reactive powder concrete (RPC). However, by applying heat 
treatment to the mixtures, a significant reduction in total porosity, macropores+entrained air 
voids, and capillary pores of RPC was obtained.  
By applying vacuum mixing to UHPC mixtures containing QCS as an aggregate replacement, 
the porosity slightly decreased which had a small effect on the compressive strength of UHPC.  
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8.1.4 Heat evolution 
The binder reactions in ultra-high performance mortar (UHPM) can be enhanced by 
replacement of a small part (5%) of Portland cement by copper slag. Larger replacement levels 
rather delay the hydration reactions. This can be due to the dilution of the clinker content in the 
paste, to the limited pozzolanic activity of the copper slag, and heavy metal compounds such 
as Zn in copper slag. 
The increase of the copper slag proportion up to 15% has only a limited effect on the cumulative 
heat production after 7 days of cement paste. This shows that the filler effect on the slag is able 
to compensate for the reduced cement content, in spite of the fineness of the slag being lower 
than for the cement. The limited effect on the cumulative heat production was caused by the 
insufficient fineness of copper slag used in this study.  
 
8.1.5 Carbonation resistance 
Both the reference RPC and the mixtures with copper slag show zero carbonation. These results 
confirm that concrete with low porosity and very dense microstructure has an excellent 
carbonation resistance. 
The effect of the vacuum mixing and copper slag replacement on the carbonation of RPC is 
unclear since there is no carbonation detected even in non-vacuum mixing and reference 
mixtures. Therefore, long-term exposure in a climate chamber is required for RPC to determine 
the effect of vacuum mixing and copper slag replacement on the carbonation resistance. 
 
8.1.6 Pore segmentation of porosity  
The use of a newly proposed method based on new grey level thresholds for segmentation of 
SEM-BSE images, to quantify the porosity of RPC, seems promising since the results of 
porosity are more comparable to (but still higher than) the ones obtained by MIP in comparison 
with the earlier thresholds proposed by Wong. Furthermore, the image processing procedures 
were automated by use of the Matlab Graphical User Interface. 
Although the proposed threshold method performs well for the investigation of the porosity of 
RPC, by combining the results with other methods such as computed tomography, air void 
analysis, or fluorescence microscopy a more complete view on the total porosity may be 
obtained.   
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8.2 Perspectives for future research 
In this study, the main research findings are explained above. But, the question is raised 
why the copper slag has not a significant effect on the compressive strength of UHPC. Other 
researchers (Mobasher, 1996; Al-Jabry, 2002; Moura, 2007) also confirmed this finding. 
Indeed, the fineness of the tested clean slag was slightly higher than the one of cement, and in 
this case a positive effect of this clean slag was obtained. However, the use of energy to grind 
the slag this fine is higher, which implies a high cost. Based on these thoughts, further research 
is necessary to find a new method which is more practical, reliable, and low cost.  
Copper slag is not a good material for absorbing water. This property may be a weakness 
of this material. Because, this can increase the air cavities if a high proportion of copper slag 
material is used. In the end, the porosity increases and a higher compressive strength is not 
obtained. Therefore, it would be interesting to exploit this weakness to improve the concrete 
performance. In other words, applying constant slump to the fresh mixture of UHPC is expected 
to lower the air cavities, and a higher compressive strength can be achieved.  
As mentioned in the previous chapter, the wet method using superplasticizer in a certain 
amount was applied to grind the copper slag. This method was applied because the copper slag 
tended to be recompacted again after the grinding process. However, the expected fineness was 
not obtained even when the slag was ground for a longer time. This is because the copper slag 
has a hardness of 6-7 on the Mohs scale and is mainly composed of iron silicate glass. Therefore, 
there will be a high energy need to grind this material. A new method for the grinding process 
might be proposed for the future research. Before milling, the copper slag can be burned at a 
certain temperature and for a certain time to change the properties of slag. The hardness of slag 
may be decreased, and the reactivity of slag increased after thermal conditioning.  
Observation of the microstructure of RPC using SEM-BSE imaging was investigated in 
this study. Besides the porosity, a higher amount of anhydrous cement grains still exists in the 
microstructure. This finding confirms the finding of Vernet (2003) which explained that a 
UHPC mixture contains less water than stoichiometric required for complete clinker hydration. 
From this result, an idea can be to make the anhydrous cement grains react to generate extra 
CSH gel using heat curing combined with pressure. A new threshold should be proposed to 
quantify the anhydrous cement grains of reactive powder concrete using backscattered electron 
(BSE) – scanning electron microscopy (SEM) in combination with GUI-based Matlab. 
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APPENDIX 
 
Appendix A 
Cumulative intrusion curve of RPC measured by MIP 
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Figure A-1. Cumulative intrusion of RPC at 7 days, made under vacuum mixing + heat 
curing at: a) 7 days ; b) 28 days ; c) 56 days 
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Figure A-2. Cumulative intrusion curve of RPC, made under normal mixing + heat 
curing at: a) 7 days ; b) 28 days ; c) 56 days 
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Figure A-3. Cumulative intrusion curve of RPC, made under vacuum mixing at: 
a) 7 days ; b) 28 days ; c) 56 days 
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Figure A-4. Cumulative intrusion curve of RPC, made under normal mixing at: 
a) 7 days ; b) 28 days ; c) 56 days 
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Appendix B 
Pore distribution function by MIP 
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Figure B-1. Pore distribution function of  RPC measured by MIP, made under vacuum 
mixing + heat curing at: a) 7 days ; b) 28 days ; c) 56 days 
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Figure B-2. Pore distribution function of  RPC measured by MIP, made normal mixing  
+ heat curing at: a) 7 days ; b) 28 days ; c) 56 days 
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